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Abstract 
This project investigated methods for manufacture of electrochemical capacitor, or 
supercapacitor, -based structural energy storage devices. Investigations were made 
into introducing structural components to supercapacitor designs, attempting to 
produce a cell with inherent load-bearing capability and mechanical strength. Design- 
led developments were also conducted into the combination of supercapacitors with 
composite materials, in particular embedding energy storage within sandwich panel 
composites and fibre reinforced polymer composites.  
Electrochemical and mechanical testing and analysis were performed experimentally 
on all designs. Electrochemical impedance spectroscopy was carried out at the 
frequency range 10 mHz to 1 MHz for all manufactured cells. Cyclic voltammetry 
was undertaken using scan rates in the range 0.5 mV/s to 10 V/s depending on 
supercapacitor size. Galvanostatic charge-discharge was performed for current 
densities ranging from 0.5 mA/cm2 to 30 mA/cm2. Together these testing regimes 
allow for presentation of electrode specific gravimetric capacitance, energy and 
power, total device specific gravimetric energy and power, and total device 
volumetric energy and power density. Mechanical testing was undertaken to the three-
point bend test standard ASTM.D790, providing results for flexural modulus and 
strength. 
Initial investigations were carried out to explore the viability of solid or part-solid 
electrolytes using epoxy-electrolyte mixes, and mechanically stable electrodes using 
sulfur-graphene structural coatings doped with carbon nanomaterials. Later 
developments in the project introduced the incorporation of existing supercapacitor 
technology with organic liquid electrolytes into composite material panels. Novel 
contributions were made in the successful design of composite sandwich panels with 
embedded supercapacitors as structural energy storage devices. These designs used 
supercapacitor current collectors as multifunctional materials that provide strength to 
the sandwich panel core. Low and high-density designs were investigated, with 
additional preliminary work on supercapacitor embedded composite flat panels 
presented with a view to further development within the subject.  
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1. Introduction 
Almost all objects have a structural case; aeroplanes, cars and boats have structural 
panels of high or medium mechanical performance with the emphasis on rigidity, 
strength or toughness depending upon the application. The idea behind structural 
energy storage is for these structural panels or casings to have a dual role: to provide 
structural and energy storage functionality. In this manner, the dual functionality 
cases or panels would offer mass savings and overall weight reduction by 
incorporating some of the energy storage mass. 
Batteries act as storage pools of large amounts of energy but can deliver it rather 
slowly due to the presence of electrochemical reactions. Electrochemical double layer 
capacitors, also known as supercapacitors, can deliver much higher power but cannot 
store such large amounts of energy as the batteries. The focus of this study is on 
electrochemical capacitors with structural characteristics, to provide a solid case for 
an electrical or electronic device or structural panels for transport vehicles. 
Power and energy requirements vary in different applications, from low power of the 
order of 1 W for LEDs, to medium power, for example 20 W for a laptop operating in 
the range of 9-17 V, to high power for example 60 kW for a car. Energy requirements 
depend on the expected duration of operation before recharging the energy storage 
device. 
This chapter gives an overview of the thesis, and its presentation of the investigation 
into structural electrochemical capacitors. This thesis focusses primarily on 
investigations into new supercapacitor technologies, attempting to develop novel 
methods of constructing cells with inherent mechanical properties. Later 
investigations seek to incorporate existing supercapacitor technology within structural 
composite materials. Each section of research focussed on the materials and 
manufacturing methods in developing laboratory scale structural supercapacitors. 
These small-scale investigations were to show the feasibility of expanding each type 
of proposed novel technology for further study.  
The difficulty in achieving a highly structural supercapacitor with a solid matrix 
electrolyte and a reasonable electrochemical performance was recognised at the 
beginning of this investigation, due to the low rate of ion transport in the solid 
electrolyte phase. As a result, while the concept of electrolyte in solid phase was tried 
to start with, the investigation took the avenue of using a liquid organic electrolyte, 
with proven high electrochemical performance, and seeking to develop structural 
features in the other components of the electrochemical capacitor in terms of 
innovative material or novel designs. 
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1.1. Concept and Aims 
The fundamental aim of this project was to investigate methods for the manufacture 
of structural energy storage devices. Specifically, the energy storage would be 
through supercapacitors, which store electrical energy through charge separation at 
the interface between an electrode and an electrolyte. After building a knowledge base 
of supercapacitor technology by conducting a literature survey, experimentation 
began on constructing an all-solid structural supercapacitor. The investigation 
considered each component of the electrochemical capacitor in turn: the electrolyte, 
the porous electrode, and the current collector. A structural form or material 
development was envisaged for each such component and key indicators of both 
electrochemical and structural performances were measured and assessed. As the 
investigation progressed, different methodologies were explored, moving to design-
orientated experiments that explored the integration of supercapacitors within 
structural composites. 
At each step of the investigation, new fabrication techniques were explored, and with 
the later integrated composite supercapacitors, novel methods for fabrication were 
developed and processing techniques established. With each design methodology, the 
structural energy storage devices were manufactured and tested for performance using 
the following electrochemical and mechanical parameters: 
• Specific Capacitance, F/g 
• Specific Power, W/kg 
• Specific Energy, Wh/kg 
• Flexural Modulus, GPa 
• Flexural Strength, MPa 
When testing each device, methods of improving performance in each area were 
examined. Upon refinement, new designs were iteratively developed to improve some 
or all of the above parameters. Later conclusions were formulated from volumetric 
comparison between the different designs, introducing the parameters: 
• Power Density, W/l 
• Energy Density, Wh/l 
1.2. Supercapacitors 
Electrochemical or Electrical Double Layer Capacitors (EDLCs), or supercapacitors, 
are a type of capacitive energy storage device where electrical energy is stored in the 
interface between an electrolyte and an electrode. 
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Supercapacitors store energy in such a way that they fill an operational niche between 
traditional electrostatic/electrolytic capacitors and electrochemical, redox reaction, 
battery cells. This is due to a compromise between high power density (typical of 
traditional capacitors) and high energy density (typical of electrochemical batteries). 
This is represented by the Ragone plot in Figure 1.1, showing the available power and 
energy densities delivered by various energy storage devices. 
 
Figure 1.1 Schematic Ragone plot of power density and energy density for various electrical 
energy storage devices (adapted from Rightmire 1966) 
The power and energy storage capacities of EDLCs allow them to be used in 
applications that would normally require a concession on storage, size or output 
performance. Of particular interest to this project is structural energy storage, where a 
solid EDLC can be used as a stressed component in an electrical product; for 
example, an electrical device powered by a structural solid EDLC casing.  
1.3. Thesis Structure 
The structure of this thesis moves from a broad literature review into supercapacitor 
specific energy storage and composite materials, to experimentation into novel 
structural supercapacitor cell design. Materials used in this investigation and their 
processing methods are presented, as well as the experimental techniques used to test 
electrochemically and mechanically all devices presented in this thesis. 
Traditional Capacitors 
Electrochemical 
Double Layer 
Capacitors 
Traditional 
Electrochemical 
Batteries 
Fuel Cells 
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Figure 1.2 Thesis structure with chapter titles and brief chapter summaries. 
 
 
 
Conclusions and Future Work 
Comparisons Between Different Methodologies and Future Insights 
8. Embedded Supercapacitors in Fibre Reinforced Polymer Laminates 
Fibre Reinforced Polymer Composite Panels with Embedded Supercapacitors 
7. Structural Current Collectors; Supercapacitor Corrugated Core Composite 
Sandwich Panels 
High Net Density Supercapacitor Composite Sandwich Panels 
6. Structural Current Collectors; Supercapacitor Honeycomb Core Composite 
Sandwich Panels 
Low Net Density Supercapacitor Composite Sandwich Panels 
5. Structural Electrodes 
Sulphur Cross-Linked Graphene Electrodes 
4. Structural Electrolytes 
Epoxy Electrolytes and Activated Carbon Fabric Electrodes 
3. Materials and Experimental Methods 
Processing, Characterisation and Analysis Techniques 
2. Literature Survey 
History, and Contemporary Supercapacitor and Composite Material Research 
1. Introduction 
Investigation Overview, Concept and Aims 
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A schematic diagram of the chapter structure is presented in Figure 1.2, including 
short summaries of each chapter. Chapter 1 provides a thesis overview, with 
summaries of the project concept and aims. Initial information about supercapacitors, 
and the requirement for developing them as structural energy storage devices is also 
given. 
Chapter 2 is a broad literature review into the scientific principles behind 
supercapacitors, also briefly covering composite materials and structural energy 
storage. A history of the development of energy storage is presented, with focus on 
contemporary research into the materials and manufacturing techniques used in 
supercapacitor fabrication. Information is presented on research into the constituent 
components of supercapacitors; the electrodes, electrolytes, and separators.  The latest 
research on structural energy storage is also presented with the focus on structural 
EDLCs. 
Chapter 3 presents the materials used in all subsequent investigations, with properties, 
product codes and suppliers noted where applicable. Processing techniques are 
presented for the manufacture of electrode materials and electrolytes, along with 
characterisation methods for electrode analysis. Electrochemical and mechanical 
testing regimes were identified, with explanations of the analysis methods used in the 
experimental chapters. 
Chapter 4 covers the first experimental tests in the thesis, an investigation into the 
viability for the production of a solid phase electrolyte supercapacitor. A method for 
the production of an epoxy electrolyte was developed, with its integration into an 
activated carbon fabric electrode supercapacitor. 
Chapter 5 moves the investigation on from structural electrolytes to structural 
electrodes. A process for cross linking graphene nano-platelets with sulfur was 
identified, and applied to the manufacture of mechanically stable graphene electrodes 
for use in supercapacitors.  
Chapter 6 presents a step-change in the direction of the project due to the relatively 
poor performance of both the structural electrolytes and structural electrodes. A novel 
design was developed for incorporating supercapacitor cells into honeycomb 
composite sandwich panels. A new manufacturing technique for the fabrication of 
such panels was developed, and the methods to produce the tooling for fabrication 
were also presented.  
Chapter 7 builds upon the design-orientated use of supercapacitors within sandwich 
composite panels, demonstrating a fabrication method for a high-density 
supercapacitor sandwich panel composite. This panel used corrugated aluminium 
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carbide electrodes densely packed within a composite sandwich panel, with the aim to 
provide maximum energy storage concentration while retaining high mechanical 
strength. 
Chapter 8 takes the knowledge gained from fabricating fibre reinforced polymer 
composites in chapters 6 and 7, and uses it in conjunction with the developed 
supercapacitor fabrication techniques to explore embedding supercapacitor cells 
within an FRP (fibre reinforced polymer) panel. A method for sealing supercapacitor 
cells without using an external casing was developed, and used to allow for complete 
cells to be inserted into the wet layup of FRP panels prior to curing, resulting in a 
completely sealed composite panel with good mechanical performance and some 
energy storage ability. 
Chapter 9 concludes the project, and presents comparative analysis from the 
successful experiments conducted in chapters 6, 7 and 8. A discussion of the novelty 
of the work and reactions to the aims of the investigation were made. In addition, a 
discussion into future work with regards to this project and the research undertaken 
was presented. 
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2. Literature Review 
This chapter provides a literature survey into the development of supercapacitors, 
from historical beginnings in experimentation with electrical energy storage, to 
modern research into optimisation of nanomaterial technology. A brief outline of the 
history of development of energy storage through capacitors is presented, with key 
breakthrough technologies described. Expanding upon the history of the field, an 
explanation of the electrostatic and electrochemical processes involved in capacitor, 
electrolytic capacitor, and supercapacitor operation is presented.  
A thorough review of recent research was then conducted, focussing on each 
component of supercapacitor manufacture in turn. First electrode materials and 
configurations were detailed, showing that activated carbonaceous powders are 
preferred in both research and industry. These high porosity materials are shown to 
provide the high surface area required for effective supercapacitor performance, when 
coupled with appropriate electrolytes.  
The activated carbon electrode materials are often mixed with conductive nano carbon 
additives such as carbon black or carbon nanotubes, to improve conductivity to the 
activated particles. Polymer binders were identified which adhere the carbon materials 
to a metallic current collector, with choices sought that minimise the negative impact 
of introducing a non-conductive substance into the electrode. Current collectors are 
shown to be almost exclusively metallic foils, with aluminium a prominent choice due 
to its low density and ease of commercial availability. 
Electrolyte choice plays a large role in supercapacitor performance, and its pairing 
with electrode material is shown to be of significance. Electrolytes can broadly be 
grouped into two categories; organic and aqueous. Organic electrolytes are salts 
dissolved into organic liquids, and provide an operating voltage up to and in some 
cases exceeding 3 V. Inorganic salt electrolytes are dissolved into water (hence, 
known as aqueous electrolytes), and are only able to operate up to a potential of ~ 1 V 
due to the break down voltage of water, however they do provide higher ion 
conductivity and thus higher charge/discharge rates. 
A focused literature survey on structural energy storage was conducted, including 
both supercapacitors and batteries. With regards to supercapacitors, the survey 
yielded supercapacitors with a solid matrix containing the electrolyte and also 
supercapacitors with gel electrolyte. The literature survey was then extended to low 
density, structural materials, including composite materials and sandwich laminates. 
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A short outline of series load balancing is included in this review to provide some 
background in how supercapacitors can be incorporated into working electronic 
systems. Due to the low operating voltage of even organic electrolytes when 
compared to other energy storage mechanisms, it can be necessary to use banks of 
supercapacitor cells in series to increase their net voltage. Methods of balancing these 
supercapacitors arranged in this way are briefly outlined. 
2.1. History 
Serious efforts to investigate the storage of electrical energy, as a part of further 
understanding the effects of electromagnetism, were first noted by Ewald Georg von 
Kleist in 1745 (Mills 2008). Von Kleist found electrostatic charge could be stored 
between the inner and outer surfaces of a glass jar (although he wrongly identified the 
mechanism at the time). These Leyden jars were the first documented manufactured 
form of what today we call capacitors. Into the middle of the eighteenth century, 
Daniel Gralath repeated the experiments of von Kleist and improved the jar designs, 
being the first to use several in series to form a battery of capacitors (Williams 1999). 
 
Figure 2.1 Schematic diagrams of early energy storage devices, (a) the Voltaic pile, (b) the 
Leyden jar. 
Later during the 18th century, Luigi Galvani coined the term animal electricity to 
describe the posthumous movement of muscles in frog’s legs when stimulated by 
electrical sparks from metallic objects (Bresadola 1998).  He incorrectly concluded 
that the driving force for the observed movements was an electrical fluid intrinsic to 
animals’ nervous systems. Galvani’s contemporary, Alessandro Volta, repeated the 
experiments into animal electricity, and, doubting the electricity to be intrinsic to the 
dead animal, obtained similar results using brine soaked paper. Further investigations 
over the disagreement with Galvani’s work led Volta to invent the Voltaic pile, the 
first documented electrochemical battery (Routledge 1881). 
Zinc 
Copper 
Electrolyte 
+ 
- 
 
Inner 
and 
Outer 
Lead 
Foils 
Glass 
Jar 
+ 
- 
(a) (b) 
 9 
The Voltaic pile used zinc (negative) and copper (positive) electrodes with a dilute 
sulfuric acid electrolyte. When discharging a cell, the zinc anode reacts with negative 
sulphate ion SO42-, while the hydrogen ion 2H+ reacts with the copper cathode. This 
causes electric current to flow between the electrodes when they are connected to an 
external circuit, a precursor to modern electrochemical batteries. The oxidation (loss 
of electrons) and reduction (gain of electrons) reactions are described below. 
Zn è Zn2+ + 2e- 
2H+ + 2e- è H2 
The fundamental methods through which these early energy storage devices work are 
directly comparable to their modern equivalents. Capacitors, just like the Leyden jar, 
store electrostatic energy on two electrodes separated by a dielectric insulator. 
Electrochemical batteries such as the Voltaic pile, comprised of at least two cells, 
store chemical energy that can be converted to electrical energy through chemical 
reactions. 
At the end of the nineteenth and beginning of the twentieth century, as electronic 
devices became slowly more common, energy storage devices began being 
incorporated into more varied practical systems. This led to the development of 
capacitors with a view to improving various aspects of their performance. 
Early mass-produced capacitors for electrical devices were mica capacitors (a 
precursor to ceramic capacitors), fabricated from sheets of copper separated by mica, 
a silicate dielectric mineral. Pursuance of better capacitance focussed on improving 
the performance of the dielectric, leading to materials such as ceramics and paper to 
be used as separator between metal foils. Into the mid and late twentieth century, film 
capacitors were developed which use insulating polymer films as the dielectric 
separator. The most recent developments in electrostatic capacitors have been in 
multilayer ceramics, where thin ceramic foils are coated in metallic electrodes to 
produce devices of high density and high power performance (Tan, Irwin and Cao 
2006). 
Electrolytic capacitors, first seriously exploited by Charles Pollak in 1896, maximise 
their capacitance by using an oxide layer on the surface of a metal as the dielectric 
separator. These use a metal (i.e. aluminium) as one electrode, and an electrolyte (i.e. 
sulfuric acid) as the other working electrode, separated by the metallic oxide layer. 
This very thin oxide layer reduced the separation of the electrodes improving 
capacitance. 
Noting the use of electrolytes in electrolytic capacitors, development of electric 
double layer capacitors (EDLCs), or supercapacitors/ultracapacitors, took place 
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during the mid to late twentieth century. This began with research into activated 
carbons as high surface area electrodes, and development in understanding of the 
interfacial double layer. An in depth review of the research behind supercapacitors is 
given below. 
  
2.2. Technology Overview 
Capacitors in their simplest form consist of two electrical conductors separated by a 
dielectric. When a potential difference is applied across the system, positive charge 
builds up on one conductor, with negative charge accumulating on the other. 
Electrical energy is thus stored in this electrostatic field, which can subsequently be 
used in a variety of applications.  
Two of the main features of capacitors are their short charge/discharge timescales 
(compared to other energy storage solutions), and the comparatively high number of 
cycles they can withstand without degradation or failure. Both of these are due to the 
lack of a chemical reaction within the device, unlike traditional electrochemical 
battery cells. 
2.2.1. Electrostatic Capacitors 
Electrostatic capacitors are the simplest form of capacitor. As outlined above they 
store electrical energy on two electrodes separated by a dielectric, as shown in Figure 
2.2. It is the breakdown characteristics of this dielectric that limit the maximum 
voltage attainable by any capacitor (Burke 2000). The following equations describe 
the physical relations between the various electrical properties in an ideal capacitor: 
 
 E = 
CV 2
2
                                                                (2.1) 
 
 Q = CV                                                                 (2.2) 
 
 C = 
εA
d                                                                 (2.3) 
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Where all terms are in SI units as follows: 
• E - energy stored in the capacitor 
• C - capacitance 
• V - voltage across the electrodes 
• Q - charge stored in the capacitor 
• ε - permittivity of the dielectric separator 
• A - area of the electrode/separator interface 
• d - separation of the electrodes (governed by the thickness of the dielectric). 
 
 
Figure 2.2 Cross-sectional diagram of electrostatic capacitor 
Structural electrostatic capacitors consist of solid electrodes and a solid-state 
dielectric separator. Rebord et al. (2008) prepared a multiwall carbon nanotube 
(MWNT) polyurethane (PU) nanocomposite as a dielectric separator, with a relative 
permittivity of the dielectric εrel.=80,000. However, even with this high εrel. value, 
such a cell would have very low energy density. Considering a MWNT-PU dielectric 
of area 1 cm × 1 cm × 1 mm, and density 1 g/cm3 (total mass 0.1 g), specific 
capacitance per gram would be estimated through Equation 2.3 to be: 
Cspec.=
80×103x 8.854 187 817× 10-14 x1x1
0.1
 1
0.1
 ≈7×10-7 Fg-1  . This is a very low cell 
capacitance per gram, resulting in a low energy density. 
2.2.2. Electrolytic Capacitors 
Electrolytic capacitors are an evolution of electrostatics, with a conductive electrolyte 
in contact with the electrodes. An example is an aluminium-electrode electrolytic 
capacitor, with an electrolyte soaked paper spacer (shown in Figure 2.3). In this 
example an oxide layer on one of the electrodes acts as the dielectric separator. This 
microscopic insulating layer allows higher capacitances than electrostatic capacitors 
(see Equation (2.3), where such a thin dielectric separator is difficult to produce.  
Electrolytic capacitors are polarised and thus have an anode (the electrode with an 
oxide layer) and a cathode (the electrode without oxide). Therefore they require that 
the applied voltage on either electrode never becomes negative with respect to the 
other, and so can only be used with DC circuits (Jayalakshmi and Balasubramanian 
2008).  
 
Electrode 
Dielectric Separator 
Electrode 
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Figure 2.3 Cross Sectional Diagram of Electrolytic Capacitor 
2.2.3. Electrical Double Layer Capacitors (EDLCs) 
EDLCs are the most recent generation of capacitor evolution and provide scope for 
innovation, and variety in their construction and application (Burke 2000). Optimising 
equation (2.3), current research aims to increase capacitance per unit volume or per 
unit mass (and thus energy and charge stored through equations (2.1) and (2.2)), by 
dramatically increasing surface area A while reducing electrode separation d (Sharma 
and Bhatti 2010). 
The separation optimisation is achieved through the double layer interface, where 
virtual electrodes are two layers of the same substrate. As such, an EDLC is 
comparable to two series-linked traditional capacitors (see Figure 2.4); each electrode 
has two layers of charge covering its surface (Conway 1999) (see Figure 2.5). The 
separation of these two layers is thus vanishingly small, with one set of electron 
charges in the electrode sitting next to ionic charges in the electrolyte (Stoller, et al. 
2008).  
The surface area optimisation is realised by using highly porous materials as the 
electrode surfaces, i.e. activated carbon (Staiti, Minutoli and Lufrano 2002). Such 
materials increase the surface area available to ion transfer by several orders of 
magnitude. 
 
Figure 2.4  Cross Sectional Diagram of EDLC 
Electrode 
Dielectric Oxide Layer Separator 
Electrolyte 
Electrode 
Porous Electrode 
 
Electrolyte 
Porous Dielectric Separator 
Electrolyte 
Porous Electrode 
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Figure 2.5 Cross Sectional Diagram of Porous Electrode Construction, Microscopic Pores (Positive 
Charge) and Electrolyte Ions (Negative Charge) in an EDLC 
This survey presents current and recent literature on EDLC research, including; 
materials, manufacturing processes, electrical testing and applications. There are three 
main components in an EDLC, the electrodes, the electrolyte, and the separator. With 
a large variety of choices for each component there is great scope for innovation. 
With this however is the problem of finding a combination that performs well for a 
given set of prerequisite conditions. In the case of this project current technology 
levels of power and energy density are required, alongside structural performance 
with cells safely usable in a variety of applications.  
2.3. Supercapacitor Electrodes 
Electrode choice in EDLCs is the main contributor to enhancing electrochemical 
performance. The prime objective is to use a material that will provide large specific 
surface area (through porous surface structure), while retaining the high 
conductivity/low resistance necessary for use in electronic devices.  
Various forms of carbon and activated carbon have been used to fulfil these 
requirements due to availability, cost, and the wealth of research already conducted 
into their performance. Such forms include foams (Park, et al. 2009), fibres (Hung, et 
al. 2009), gels (Ishikawa, et al. 1995), nanotubes (Paul, et al. 2010), pearls (Lufrano, 
Staiti and Minulti 2003) and powders (Lavall, et al. 2008). These carbon-based 
resources are the focus of electrode materials covered in this review. 
Other choices for electrode material include metal oxides and conducting polymers. 
Metal oxides with appropriate performance such as ruthenium-oxide are used in 
asymmetric supercapacitors but are expensive and currently beyond the scope of 
commercially orientated research; some work has been conducted however for 
military purposes (Burke 2000). Asymmetric supercapacitors based on manganese-
Non-Permeable Current Collector 
Porous Electrode 
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oxide are of lower cost but their maximum voltage does not exceed 1-1.3V (Roberts 
and Slade 2010). 
Conductive polymers too are less available and more expensive than carbon based 
materials; again some research has been performed in asymmetric supercapacitors 
with a conductive polymer for military applications (Mastrogostino, Arbizzani and 
Soafi 2002). The low voltage range, up to 1.2 V maximum, is the limiting factor for 
these asymmetric supercapacitors as well (Snook and Kao 2011). Lei et al. (Lei, 
Wilson and Lekakou 2011) used PEDOT:PSS as a binder in the activated carbon 
(AC) powder coating electrode and they observed increase of capacitance due to the 
pseudocapacitance of PEDOT:PSS for symmetric EDLCs with organic electrolyte 
tested in the range of 0-3V. 
The choice of electrode material has other constraints beyond cost and availability. 
The high surface area desired must be balanced with the need for electrolyte ion 
access to the electrode. When using activated carbon (AC) materials (those treated to 
have high porosity and thus large specific surface area), the pore size must be big 
enough to allow ion access to the surface. On the other hand, a capacitance peak is 
observed in micropores with pore size similar to the ion size (Huang, Sumpter and 
Meunier 2008); however, such capacitance can be achieved only at low current 
density to give sufficient time for the ions to penetrate such small pores. Furthermore, 
small pore sizes give a large specific surface area overall.  
Experimental studies and molecular modelling, reported by Huang et al (2008), 
provide the size of the unsolvated ions of the common organic electrolyte, TEABF4, 
as: lTEA+ = 0.68 nm and lBF4- = 0.46 nm, illustrating that the charge separation in such 
an EDLC is governed by the TEA+ which is the biggest ion and may enter in its 
unsolvated state a minimum size micropore of 0.68 nm (at very low charge rate, i.e. at 
very low current density), which may yield the highest maximum specific electrode 
capacitance for such a microporous electrode. 
Activated carbon (AC) materials may be derived from natural source materials or 
synthetic materials and may be in the form of AC fibres or AC powders. Phenolic-
derived AC fibres commercialised by Kynol, Japan, have a narrow pore size 
distribution around a pore size of 2 nm (Mangun, Daley and Braatz 1998), and can 
reach a large specific surface area of BET=2500 m2/g. Organic electrolytes are 
generally dissolved in an organic solvent, such as propylene carbonate (PC), and ions 
are transported in their solvated form, i.e. each ion is surrounded by a monolayer of 
solvent molecules. Hence, meso- and macro-pores play an important role in the fast 
transport of solvated ions to the micropores. Hence, a more balanced pore size 
distribution in the porous electrode or a bimodal pore size distribution with both 
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meso- and micro-pores (Lei, Amini, et al. 2013) is desirable for the fast transport of 
solvated ions to the micro-pores and a good coverage of a large specific micropore 
surface area by the ions (to maximise capacitance and, hence, energy storage). 
AC powders are usually derived from natural sources, such as peat bog organic 
matter, coconut shells, olive or fruit seeds. Such AC powders have a wide pore size 
distribution with a large proportion of mesopores (Markoulidis, Lei, et al. 2014). The 
AC powders in combination with a binder are formed into electrode coatings onto a 
current collector foil. 
On the outer layer of the electrode a non-permeable current collector is added, often 
aluminium or other metallic foil (Burke 2000). This provides structure to the porous 
electrode (as it is often not self supporting e.g. powders, nanotubes, pearls etc.), and 
provides some prevention against liquid electrolyte leaks.  
When using most forms of high porosity carbon for electrode materials the substance 
is mixed with a chemical binder to form a composite electrode, which aids application 
to the current collector and prevents decomposition of the surface. Examples include 
PVDF binder for AC coatings (Lei, Wilson and Lekakou 2011), PTFE (Sivaraman, 
Hande and Mishra 2003), and PEO (Silva 2008), and the electrically conductive 
binder PEDOT:PSS (Lekakou, et al. 2011) which also provided some 
pseudocapacitance. Some research has also been conducted into binderless carbon 
electrodes (Bordjiba, Mohamedi and Dao 2007). 
Some of these chemicals are selected for secondary properties, such as electrolytic 
functions (adding further pseudo-capacitance and better conductivity) and gelling 
abilities (resulting in highly viscous electrolyte). 
The addition of polymer binders to porous carbon electrodes does however come with 
a drawback. Polymers are for the most part insulators and so increase resistance of the 
electrode and by extension the internal resistance of the cell as a whole. They also 
prevent ion access to the electrode by binding to it, reducing the available surface area 
and thus capacitance through equation (2.3). The polymer binders blocking ion access 
to pore-sites also reduce the performance of a carefully selected electrode.  
Lekakou, et al. (Lekakou, et al. 2011) investigated EDLCs based on a non-activated 
carbon fibre woven fabric (CWF) and a multiwall carbon nanotube (CNT) electrode 
as well as a hybrid CWF-MWNT electrode.  While the MWNT-based EDLC showed 
high power density, the rest of the EDLCs in that paper were of low or medium 
performance, with the hybrid CWF-MWNT-based cell being the worst. The organic 
gel electrolyte PEO-LiCIO4-EC-THF was chosen   showing a maximum voltage of ± 
2.3V.  
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Lei et al. (Lei, Wilson and Lekakou 2011) used an electrically conductive binder 
PEDOT:PSS at an optimum content of 4 wt% in their activated carbon-carbon black 
powder coated electrodes. They used a liquid organic electrolyte of 1M TEABF4 /PC 
solution. The use of PEDOT:PSS in this paper increased the capacitance via a 
pseudocapacitance mechanism and provided a water-based binder which would 
involve a water-based coating process, which is more environmentally friendly than 
when using the PVDF binder soluble in an organic solvent (Lei, Wilson and Lekakou 
2011). 
Activated carbon powders provide high specific surface area for supercapacitors, 
however suffer from low conductivity as well as low contact conductivity at the 
carbon-current collector interface, and particularly when used with polymer binders. 
For this reason, conductive additives have been used in combination with AC 
powders in AC coatings, such as carbon black and multiwall carbon nanotubes 
(MWCNTs). Carbon black is used at a typical concentration of 5 wt% in the coating 
(Lei et al, 2011). MWCNTs need to be highly dispersed to act as a nanomaterial, 
which limits their maximum concentration in the paste to be coated for the electrode 
coating. Markoulidis et al (2014) selected an optimum concentration of 0.15 wt% 
MWCNT in the AC coating for Baytubes® C150 PW which gave high electrode 
conductivity and increased the specific capacitance of the EDLC. Lei and Lekakou 
(Lei and Lekakou 2013) added Elicarb® MWCNTs at concentrations of 0.15 to 7 wt% 
in the AC coating and found that higher content of MWCNTs increased conductivity 
and power density but decreased specific capacitance and energy density, so they 
proposed 0.15 wt% MWCNT in the coating as the optimum concentration for 
decreasing resistance without significant detriment to the specific capacitance. 
 Graphene, with its well characterised high conductivity and surface area, is emerging 
as a candidate for energy storage applications (Wang, et al. 2009). Rather than 
exhibiting high surface area due to a distribution of pores in the surface of a solid bulk 
material (as activated charcoal), graphene can be expected to demonstrate effective 
surface area through layers of one-atom thick sheets.  That is, graphene with a low 
number of layers and low agglomeration can be expected to display large specific 
surface area, and hence better supercapacitor performance. Specific capacitance of 
205 F/g, power density of 10 kW/kg and energy density of 28.5 Wh/kg was reported 
by Wang et al. (2009) for a supercapacitor with graphene electrodes. They used PTFE 
binder to hold the graphene sheets together and to a nickel foam current collector, 
with aqueous KOH electrolyte. 
More complex electrode structures have been investigated by (Shi, et al. 2014), where 
conductive polymers with three dimensional microstructure were used to form a 
flexible supercapacitor electrode. The conductive polymer – polypyrrole hydrogel – 
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electrodes, when used with H2SO4 electrolyte, demonstrated a specific capacitance of 
~380F/g. 
Very recent work into electrodes formed from mesoporous carbon nanofibres has 
been conducted (Li, Akhtar and Yang 2015); where dextrose sourced carbon 
nanofibres are manufactured through an activating process that gives them a 
mesoporous nature that complemented the authors choice of electrolyte (TEABF4). 
The resulting supercapacitors showed a maximum specific capacitance of 201F/g, and 
an extraordinarily high specific energy of 54.7 Wh/kg. This high energy density is 
however countered by a lower than typical specific power for an organic electrolyte 
supercapacitor, of 0.842Wh/kg. 
2.4. Supercapacitor Separators 
The separator electrically insulates the two electrodes from each other, acting 
similarly to a dielectric in an electrostatic capacitor. However, it must be ion-
permeable to allow the electrolyte ions to pass through from one electrode to the 
other. Polymer or paper separators can be used with organic electrolytes, while 
ceramic or glass fibre separators can be used with aqueous electrolytes (Sharma and 
Bhatti 2010). 
The ideal separator has high electrical resistance (acting as a dielectric), with high ion 
conductance/permeability and small thickness. These three criteria are not mutually 
exclusive, but do provide a challenge in the selection of separator material. A very 
thin permeable separator can be prone to shorting the two electrodes, while a thick 
separator is less permeable to ions and increases their transport time, reducing the 
overall performance of the cell. 
Lekakou et al. (Lekakou, et al. 2011) investigated two types of separator membranes 
with an organic gel electrolyte PEO-LiClO4-EC-THF; a glass fibre fine-pore (~0.7 
µm) filter, and a poly(ethersulphone) filter membrane with ~0.8 µm pores. The 
authors noted that the best performing separator was the glass fibre-fine pore filter.  
Separator choice can also serve secondary purposes in structural energy storage 
devices, such as with fibrous separators being used with a solid electrolyte matrix to 
form a carbon-separator-carbon laminate (Bismarck, et al. 2010).  
Staiti et al. (Staiti, Minutoli and Lufrano 2002) used a porous glass fibre separator 
with Nafion solid electrolyte with an H2SO4 aqueous solution. Sivaraman et al. 
(Sivaraman, Hande and Mishra 2003) used a combined SPEEK (sulfonated poly(ether 
ether ketone) separator/electrolyte membrane in an all-solid EDLC.  
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2.5. Supercapacitor Electrolytes 
Electrode and electrolyte must be chosen together to optimise EDLC performance. 
Electrolyte ions must be able to access pores in the electrode surface freely; therefore 
their size plays a fundamental role in the choice of substance. Furthermore, the 
breakdown voltage, conductivity and ion mobility affect the performance of the 
EDLC (Devarajan, et al. 2009). 
The breakdown voltage of the electrolyte will govern the attainable voltage for the 
EDLC cell (Hashim and Khiar 2011). This maximal voltage in turn limits the possible 
energy density achievable for the cell, as dictated by equation (2.1). In current 
research two types of electrolyte feature prominently - organic and aqueous.  
2.5.1. Organic and Non-Aqueous Electrolytes 
For commercial purposes organic electrolytes are highly popular. They can reach 
operational voltages of 2.0-2.7 V (Sharma and Bhatti 2010); however they suffer from 
high resistivity when compared to aqueous electrolytes. Choices for electrolyte are 
highly varied, but the most popular involve adding high electrical performance 
transport ions (such as TEABF4) to ethylene carbonate (EC), propylene carbonate 
(PC) or acetonitrile (AN) (Krause and Balducci 2011).  
Other non-aqueous electrolytes include ionic liquids (such as EMIBF4) and polymer 
gels (such as NAFION). With PYR14TFSI/PC as electrolyte Krause and Balducci 
showed an operative voltage of 3.5 V with remarkable cycling stability (capacitance 
loss of 5% after 100,000 cycles to 3.5 V). However, ionic liquids are highly viscous 
especially at room temperature, while the rate of ion transport is also reduced in gel 
electrolytes and further reduced in solid electrolytes. 
2.5.2. Aqueous Electrolytes 
Aqueous Electrolytes are a less popular choice in industry, but provide higher 
conductivities compared to organic electrolytes. Their downside is a lower breakdown 
voltage, typically ~1 V. Choices include acidic salts such as sulfuric acid and lithium 
perchlorate. 
Lufrano and Staiti (Lufrano, Staiti and Minulti 2003) presented an EDLC with 
perfluorosulfonate ionomer as polymer electrolyte. Activated carbon material and 
Nafion ionomer were used to manufacture the electrodes. The Nafion acted as a 
binder and electrolyte, and a Nafion 115 membrane was used as an ion-permeable 
porous separator. They tested their cells at an operating voltage of ~1 V, resulting in a 
specific capacitance of 9.4 F/g.  
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Tien et al. (Tien, et al. 2008) used a gel electrolyte of LiClO4 in a host of PEO 
crosslinked with PPO and PC as a plasticizer. Addition of diglycidyl ether of 
bisphenol-A, mixed with the polymer precursors is stated to enhance the mechanical 
properties and increase the internal free volume. The authors showed this gel 
electrolyte to be stable up to ~5 V. Activated carbon cloth electrodes were used, and a 
capacitor capable of delivering ~2 V was demonstrated at a specific capacitance of 86 
F/g compared to 82 F/g for a liquid electrolyte of 1 M LiClO4/PC (Tien, et al. 2008). 
This was attributed to the fact that the side chains of the polymer stretched to contact 
the carbon electrode to provide a conduit for the Li+ ion transport.  
Another example of a gel aqueous electrolyte was investigated by (Wang, et al. 2014), 
where a heated mix of H2SO4 and PVA was diffused into nanoporous carbon cloth 
electrodes and filter paper separator, dried, and then sandwiched together. The 
resulting symmetrical supercapacitor demonstrated a specific capacitance of 0.765 
mF/g. 
Silva (Silva 2008) published another paper on an all-solid EDLC, with PEO-NPPP-
carbon black electrodes and PEO-NPPP-LiClO4 polymer electrolyte, also acting as 
separator. High molecular weight PEO and NPPP were used to reduce the dangers 
associated with solvent leakage. Cyclic Voltammetry analysis showed the cells 
performed at ~1.5V exhibiting a specific capacity of 17 F/g.  
 
2.6. Supercapacitor Current Collectors 
Current collectors are the final component of a supercapacitor, connecting the 
fundamental components of the energy-storing cell to the external circuitry through 
which it is charged and discharged. Its role is thus of significant importance as poor 
current collector material choice and design will not allow the electrochemical 
components of the cell reach their operational design potential. Figure 2.5 details the 
relationship between the current collector and its associated electrode. In common 
supercapacitor manufacture, the electrode materials are added as wet slurry to the 
current collector and dried (Lei, Markoulidis and Lekakou, et al. 2013). 
Lei et al. (2013) identified the high contact resistance between carbon and aluminium 
as used commonly is supercapacitor manufacture as a significant detractor from 
energy and power performance. Their report centred on the use of EIS to identify the 
sources of supercapacitor internal resistance, and compare those results to an 
equivalent circuit model for analysis. Typical porous carbon supercapacitor electrodes 
consist of porous carbonaceous material such as activated carbon, with a conductive 
additive such as carbon black, cemented to a metal (typically Al foil) current collector 
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with a polymer binder. The author’s investigation of a carbon modified aluminium 
current collector, and its effect on the performance of a cell compared to plain 
aluminium is of particular interest. Toyal Carbo Al foil has an Al4C3 nanoscale 
whisker coating, which is stated to allow conduction from the bulk aluminium, 
through the foil surface oxide layer, to the activated carbon coating. The paper shows 
a significant reduction in the Al/C contact resistance when using this Al4C3 whisker 
foil. The whiskers are said to provide electrical conducting channels, while also 
serving a mechanical role of enhancing the binding of the carbonaceous coating to the 
foil. These factors showed an improvement in both the energy and power density of a 
cell using this current collector over plain aluminium  
Other methods of improving the current collector to active material interface, 
typically an Al/C interface, have also been extensively researched in the literature. 
Etching of the Al surface and deposition of conducting carbon nanosheets through 
sol-gel methods were investigated by (Portet, et al. 2004). Bo et al. developed 
vertically oriented graphene nanosheets to bridge the active layer to the current 
collector (Bo, et al. 2013). Cross stacked super aligned carbon nanotubes were 
employed to similar effect by (Zhou, et al. 2010). Each of these sought diminish the 
active material to current collector resistance, through use of novel manufacture 
techniques, however the Al4C3 whisker foil used by Lei et al. (2013) is the only 
method employing an “off the shelf” product that comes pre-prepared ready for use. 
 
2.7. Structural Energy Storage 
Of particular interest in this project on structural energy storage are carbon fibre 
fabrics as electrodes, which when used with an electrolyte combined with resin should 
require no insulating binder to be used. With non-activated carbon this results in a 
high conductivity high strength composite, but with low specific capacitance and 
energy density when used in an EDLC (Bismarck, et al. 2010). When using activated 
carbons, capacitance and energy storage are much higher but mechanical performance 
and conductivity is lost, and an outer current collector such as aluminium foil is 
required.  
Of course, this is not a problem for Li-ion batteries, which require only a graphite 
electrode (highly conductive) not a highly AC porous electrode. Hence, structural 
batteries have been the first type of structural energy storage exploited (Kjell 2013), 
with encouraging results. 
The Imperial College Group has gone through different routes in the development of a 
structural supercapacitor. In their patent titled simply “Electrolyte”, Bismarck et al., 
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(Bismarck, et al. 2010) presented an all solid supercapacitor based upon a solid 
porous matrix binder which holds the cell components together, whilst allowing gel 
electrolyte access to the electrodes. Their design used activated carbon fabric 
electrodes and a porous glass fabric separator. These were bound together using a 
mesoporous silica matrix which was set as a composite laminate. This porous cast 
was then filled with a PAN gel electrolyte to produce a solid and structural EDLC. In 
general, Bismarck et al have reported very low specific capacitance values for their 
structural supercapacitors which can be attributed to the low activation of their carbon 
fibre fabrics and possibly the low rate of ion transport through the porous silica 
matrix.  
The next step for the Imperial College group was to grow carbon nanotubes on the 
carbon fibre fabrics but this process was considered to etch the fibre surface and 
reduce the fibre strength (Qiang et al, 2013). Another technique to increase the 
electrode pore surface area was covering a non-activated structural conductive carbon 
fibre fabric with carbon aerogel (highly activated carbon, CAG). This resulted in an 
electrode specific capacitance of 14 F/g of the combined CAG and fibre fabric 
electrode mass using a liquid 3M KCl aqueous electrolyte. This was reduced to 6.5 
mF/g when using a 10% ionic liquid electrolyte in PEGDGE matrix, demonstrating 
the effect of slow ion transport and high cell resistance which also reduced the overall 
cell capacity (Gian, et al. 2013). 
Staiti et al. (Staiti, Minutoli and Lufrano 2002) presented an EDLC with a combined 
solid electrolyte and separator, consisting of the following three alternative materials: 
a commercial Nafion 115 membrane, a membrane prepared by casting the Nafion 
1100 solution, and a porous glass fibre matrix impregnated with an H2SO4 solution. 
The prepared electrodes consisted of two overlapped layers formed of a carbon 
Nafion layer and a carbon paper substrate.  The cells were tested with maximal 
operating voltages of ~1V. They obtained a specific capacity of 13.2 Fg-1 when 
utilising the cast Nafion membrane, which was 70% of the specific capacity obtained 
when using sulfuric acid and about 140% of that using Nafion 115”.  
Sivaraman et al. (Sivaraman, Hande and Mishra 2003) presented another all-solid 
EDLC with combined electrolyte/separator. The electrode was a composite of 
chemically synthesized PANI, SPEEK, carbon black and PTFE. The separator was an 
SPEEK separator/electrolyte membrane; there were also two carbon paper current 
collectors. Tests were carried out at ~0.8V, with results of 27 Fg-1 of activated 
polymer material. 
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2.8. Series Load Balancing 
Series load balancing aims to avoid damage to cells within an EDLC stack by 
equalising the voltage applied to each cell. There are two primary types of balancing 
techniques, passive and active.  
Building a stack of EDLCs as a composite solid laminate is of significant interest to 
this project, as it enables increasing the total output voltage while also adding 
mechanical strength. Thus, efficiently load balancing such a series of EDLCs is an 
important consideration for a supercapacitor system. 
 
2.8.1. Passive Balancing 
Passive voltage balancing involves regulating the voltage applied to individual cells 
by using bypass resistors in parallel with each EDLC cell in the stack. This works 
through the resistor drawing more current from the circuit as the voltage across its 
parallel EDLC cell decreases. Passive balancing is cheap and simple, but carries 
several drawbacks. First is an increased charge time for the stack, as the cells build up 
charge one-by-one as current is diverted through each resistor in turn. Further, there is 
significant power loss as each resistor dissipates energy that could otherwise be stored 
in the system. This energy loss becomes more significant in high power applications. 
2.8.2. Active Balancing 
Active voltage balancing is a method of non-dissipative equalisation that overcomes 
some of the problems of passive balancing, especially in high power applications. 
Active circuitry is employed to detect voltage inconsistencies across the stack, and 
redistribute current appropriately via diodes and inductors to limit dissipated energy. 
Although more efficient than passive balancing, active balancing circuitry is more 
expensive to implement than simply adding parallel resistors as in a passive system. A 
more thorough explanation of active load balancing is given in A Review on 
Electrochemical Double Layer Capacitors (Sharma and Bhatti 2010). 
2.9. Low Density, High Structural Performance Materials 
While undertaking experimentation and development through this investigation, it 
became apparent that combining existing structural technologies with existing 
supercapacitor technologies would provide a good avenue of research. As such, 
presented here is an overview of composite materials, and how these are used in 
sandwich laminates, to provide low-density high-strength structural panels.  
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2.9.1. Composite Materials 
Composite materials are made from several different constituents, often with very 
different physical properties, that when combined offer a material with desirable 
characteristics that performs better than the constituents in certain metrics. The 
individual materials remain distinct within the final product.  
Common examples of composite materials include: 
• Reinforced polymers such as fibre reinforced plastic, often used in aerospace 
and automotive applications. 
• Metal composites such as tungsten carbide cobalt cement, used for industrial 
cutting tooling.  
• Ceramic composites such as carbon reinforced carbon, used in high 
performance automotive braking systems. 
• Construction composites such as concrete, (an aggregate reinforced cement) 
used widely in many forms of construction engineering.  
Of interest to this investigation are the fabrication processes and physical properties 
of fibre reinforced polymers, as they are used in applications of similar scale and 
scope to that of many energy storage devices. 
2.9.2. Fibre Reinforced Polymer Composite Materials 
Fibre reinforced polymers have two main constituent parts, the continuous matrix 
(polymer) and the reinforcing discontinuous phase (fibres). The continuous matrix 
polymer provides the bulk material, and contributes much of the overall physical 
properties of the final product. The reinforcing fibre phase contributes high tensile 
strength and high tensile modulus in the fibre direction, which when combined with 
the continuous polymer, increases modulus, strength and deformation resistance in the 
direction of the fibres (Mallick 1997).  
Fibres used in polymer reinforcement are commonly long continuous filaments that 
are accumulated together in a variety of methods. Fibres can be combined as strands, 
tows, roving, yarns, fabrics, mats and others. Most fibres available commercially are 
of a round cross section, with a diameter of the scale of µm to tens of µm. Most fibre 
types also share some mechanical characteristics, such as brittleness, low elongation 
to failure, and a linear or nearly linear elastic tensile stress-strain response (Mallick 
1997).  
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Fibre Density 
(g/cm3) 
Tensile 
Strength 
(MPa) 
Tensile 
Modulus 
(GPa) 
Strain to 
Failure (%) 
E-glass 2.54 3450 72.4 4.8 
High Strength 
PAN Carbon 
1.7-1.8 3100-4000 210-250 1.3-1.6 
High Modulus 
Pitch Carbon 
1.9-2.0 1720-2070 340-380 0.5 
Aramid Kevlar 1.39-1.47 3000-3620 70-179 1.9-4.4 
Figure 2.6 Fibres used in advanced composites, taken from Composites Engineering Handbook, 
1997, by P. K. Mallick. 
 Fibres can be arranged in three forms: linear, two-dimensional, and three-
dimensional. Linear arrangements can contain continuous fibres, where mechanical 
strength of the composite is only required in one direction, or they can contain 
discontinuous fibres that allow for more varied composites manufacturing methods 
such as injection moulding.  
Two- and three-dimensional arrangements of fibres are achieved by using production 
methods developed for the textile industry, allowing for complex fibre orientations 
that provide other desirable mechanical properties. Two-dimensional arrangements 
(e.g. woven fabrics) are used in laminated structures, and offer strength along the axes 
of the constituent fibres. Their aim is to reach nearly equal mechanical properties in 
both the x and y directions. Three-dimensional arrangements offer better resistance 
against delamination between multiple stacks of laminates, attempting to offer equal 
mechanical properties in x, y and z directions (Mallick 1997).  
The continuous matrices used in fibre-reinforced polymers are typically either 
thermoplastic or thermosetting polymers. Thermoplastic polymers including 
polypropylene, nylon and PEEK (poly-ether ether ketone) offer high toughness and 
mechanical strength, while being recyclable. They do however require processing at 
high temperatures to melt to liquid form, and have sufficiently low viscosity to 
impregnate the fibre reinforcement.  
Thermosetting polymers are more commonly used in the composites industry and 
research, due to their commercial availability, lower processing temperature range, 
low viscosity of the precursor materials, and lack of thermal creep post fabrication 
that is a common detriment to thermoplastics. Typical thermosetting polymers are 
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epoxy and polyester resins, which each cover a wide range of substances that have a 
variety of final physical and mechanical properties (Hull 1981).  
Thermosetting polymers are produced by combining liquid resins, which under a 
thermal curing process react to produce a three dimensionally cross-linked hard brittle 
solid of polymer chains (Hull 1981). The molecular makeup of the polymer network 
is determined by the precursor chemicals; and the length and density of the cross links 
is determined largely by the curing process and the number of functional groups of 
the reactants. The mechanical characteristics of the resultant polymer thus are 
determined by these two fundamental material properties.  
The curing process, while possible at room temperature, is often a controlled cycle of 
heating to a predetermined temperature at a set rate, dwelling at that temperature for a 
set period of time, before returning to room temperature. The resultant polymers are 
typically isotropic, and unlike thermoplastics, do not melt when heated (although 
stiffness is lost at high temperatures which does place an upper limit on their thermal 
operating range). Epoxy resins outperform polyester resins in this regard, as well as 
most other mechanical properties including the interphase bond, with their detriment 
being higher cost (Mallick 1997). 
 
 
Property Epoxy Resins Polyester Resins 
Density, kg/m3 1100-1400 1200-1500 
Young’s Modulus , GPa 3-6 2-4.5 
Tensile Strength, MPa 35-100 40-90 
Compressive Strength, 
MPa 
100-200 90-250 
Heat Distortion 
Temperature, °C 
50-300 50-110 
Shrinkage on Curing, % 1-2 4-8 
Table 2.1 Table showing comparison of typical properties of epoxy and polyester resins, taken 
from An Introduction to Composite Materials, 1981, by D. Hull. 
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Two common methods for manufacturing fibre reinforced polymer composites with 
thermosetting resins are pre-preg processing and wet lay up. The former method 
involves first producing the pre-preg; a resin wetted fibre matt/sheet/fabric, where the 
fibres are fully wetted by resin and stored between sheets of release film. When 
producing a material for curing, the pre-preg is cut and removed from the release film, 
and formed to the desired shape. Several layers of pre-preg can be combined at this 
stage. The laminate is then cured at temperature under pressure to produce the final 
material. 
Wet layup procedures involve using dry fibres, and introducing low viscosity resin 
into them to cure immediately after. Typically, fibre mats or fabrics are cut and 
formed, and the resin is impregnated via rolling and pressing or pressurised injection. 
Rolling and pressing procedures typically require the introduction of resin to the 
surface of the fibres, with a cylindrical roller used to spread the resin, fully wetting 
the fibres and removing large air pockets. This is followed by further air removal 
under vacuum, before pressure is applied via mechanical means such as weights or 
clamps during thermal curing. Resin injection methods include vacuum assisted resin 
transfer moulding, where dry fibres are placed in sealed moulds, and resin is drawn in 
under vacuum. Once the resin is fully introduced, the mould is sealed and held under 
pressure from the atmosphere due to the vacuum inside throughout the thermal curing 
process. Further constraints on manufacturing processes such as degassing of the 
liquid precursor resin lead to final polymers composites with fewer defects.  
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Material Density, kg/m3 Modulus, GPa Tensile Strength, 
MPa 
Steel, 1010 cold 
drawn 
7870 207 365 
Aluminium, 7075 
alloy 
2700 68.9 572 
Carbon fibre 
reinforced epoxy 
1550 138 1550 
Glass fibre 
reinforced epoxy 
1850 39.3 965 
Kevlar reinforced 
epoxy 
1380 75.8 1378 
Figure 2.7 Comparative properties of metals and polymeric matrix composites, taken from 
Composites Engineering Handbook, 1997, by P. K. Mallick. 
 
2.9.3. Sandwich Composite Panels  
Sandwich composite panels are a class of construction materials that exhibit high 
strength and rigidity with low weight. These panels are typified by the same basic 
characteristics; a low-density core offering stiffness, bound between two thin high-
strength faces. The combination of the materials gives high strength and bending 
stiffness in the direction normal to the outer skins, while retaining the low net density 
of the core material (Hull 1981). 
 
Figure 2.8 Expanded schematic of fundamental sandwich panel, showing the main constituent 
components: thin faces and low density core. 
Low Density Core 
Thin Faces 
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Figure 2.10 shows an expanded view of the basic layout of a sandwich composite. 
There are a wide variety of materials available for each constituent part, resulting in 
combinations that can be tailored for large numbers of applications (Zenkert 1995). 
Examples of face materials include steel, aluminium, wood, and fibre reinforced 
polymers. Core materials include wood, rubber, solid polymers such as polyethylene, 
expanded rigid foams such as polyurethane, and metallised honeycombs. Of particular 
interest to the later stages of this investigation were fibre reinforced polymer faces 
bonded to metallised honeycomb cores, and as such reading was conducted around 
this particular field. 
Metallised honeycomb core sandwich composites are prevalent in aerospace 
applications due to their high strength and stiffness and low weight (Garrison 2005). 
They are typified by their columnar hexagonal cells formed between thin metal walls. 
The honeycomb array provides stiffness and strength orthogonal to the plane outer 
face materials, while the cell voids keep net density low (Gibson and Ashby 1988). 
 
Figure 2.9 Rendering of a typical honeycomb core. 
Common commercial honeycomb cores are manufactured from aluminium foil, 
through an expansion process whereby thin continuous sheets of foil are bonded at set 
intervals that can then be expanded to form the hexagonal pattern. The expanded 
aluminium core is then bonded typically with two fibre reinforced polymer face 
panels using structural adhesives (Bitzer 1997) (see Figure 2.10). 
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Figure 2.10 Cross section diagram of honeycomb core bonded between fibre reinforced polymer 
skins. 
2.10. Concluding Remarks 
The literature survey proved that although it is possible to have electrostatic solid-
state capacitors with very high dielectric constant of the solid separator (Rebord et al. 
(2008)), such capacitors still have extremely low specific capacitances compared to 
EDLCs with a liquid electrolyte. EDLCs with a gel or solid electrolyte suffer from 
low rate of ion transport reducing power density significantly and also causing a 
reduction in capacitance as few ions reach the micropores and incomplete coverage of 
micropore surface is achieved. An organic electrolyte has been selected for the 
present study, so it reaches a reasonable maximum operating voltage around 2.7 to 3 
V. It is imperative for the electrodes to have large specific pore surface area to 
demonstrate good electrochemical performance. 
In general, the conclusion from the literature survey is that there is no structural 
supercapacitor at present with good electrochemical performance. The approach 
proposed for this project investigates structural or solid materials or aims at the 
development of a structural design for each of the main components of an EDLC: (a) 
the electrolyte, (b) the porous electrode and (c) the current collector. 
  
Honeycomb Core 
Structural 
Adhesive Bonds 
Fibre Reinforced 
Polymer Skins 
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3. Materials and Experimental Methods 
Discussed in this chapter are the raw materials used in fabrication of structural 
supercapacitors, the processing techniques employed to build standard 
supercapacitors - which are then built upon in subsequent chapters - characterisation 
methods deployed to describe the raw or processed materials, and the testing regimes 
undertaken to determine the electrochemical and mechanical properties of each 
sample or cell. 
Chemical composition, grade, product number and manufacturer/distributor were 
acknowledged for each material used in the fabrication process. Any preliminary 
treatments, or significant handling procedures were also identified. Step by step 
methodologies for each processing and manufacturing procedure were decided upon 
and described. This included raw material processing, electrolyte preparation, 
standard electrode fabrication, and standard supercapacitor construction. Furthermore, 
Chapters 4-8 referring to specific types of supercapacitors, contain details of 
particular methods devised or employed for material processing or fabrication of the 
specific type of structural supercapacitor device in that chapter. 
Any characterisation methods used to describe physical or chemical properties of raw 
or processed materials are described. This primarily focussed on analysis of the 
properties of the electrode materials deployed in supercapacitors. Testing regimes for 
the electrochemical and mechanical analysis of the structural energy storage devices 
were identified and described. The methodology behind all analysis was decided upon 
and deployed to each sample in this investigation, with a thorough description behind 
each in this chapter.  
3.1. Materials 
3.1.1. Current Collectors 
The primary current collector used throughout this investigation was 30G01 Toyal 
Carbo aluminium carbide composite foil, manufactured by Toyo Aluminium K.K. The 
foil is designed specifically to be a high performance supercapacitor current collector 
that minimises the contact resistance between the current collector and the active 
electrode. It has a stated thickness of 30 µm, and orthogonal aluminium carbide nano 
whiskers of diameter 20-30 nm which hold mechanically a layer (almost a monolayer) 
of carbon black particles (highly conductive). This current collector was selected due 
its commercial availability and high performance, as described in the literature (Lei, 
Markoulidis and Ashitake, et al. 2013).  
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A secondary current collector deployed in the manufacture of low-density honeycomb 
core sandwich panel energy storage devices was AL000612 aluminium foil supplied 
by Goodfellow Cambridge Ltd. This aluminium foil had a stated thickness of 200 µm, 
required to provide adequate structural rigidity to the sandwich panel. The lack of a 
purpose designed surface as in the 30G01 Toyal Carbo aluminium carbide foil, was 
considered an acceptable compromise for the added strength of the thicker foil when 
used in low density composite sandwich panels. However, a higher contact resistance 
is expected for these supercapacitors. 
3.1.2. Separator 
In all experiments throughout this investigation TF4060 Electric Double Layer 
Capacitor Separator, manufactured by Nippon Kodoshi Corp. was used as the porous 
dielectric separator. A cellulose paper, it has a stated thickness of 60 µm, and 
measured to have a density of approximately 2.5 mg/cm2. This paper was chosen due 
to its commercial availability and microstructure specifically for supercapacitor 
applications.  As a natural fibre type of separator, it exhibits a hierarchy of pores and, 
hence, high absorbance of electrolyte which means that it contributes to the reduction 
of the in series resistance of the EDLC. 
3.1.3. Electrolyte 
TEABF4 (tetraethyl ammonium tetrafluoroborate) was dissolved at 1 M in PC 
(propylene carbonate), both supplied by Sigma Aldrich. TEABF4 is readily available 
commercially, and is cheaper than liquid electrolytes that can provide better 
capacitance under specific circumstances. The solvent PC was chosen due to its 
commercial availability, and low volatility when compared to less viscous solvents 
such as acetonitrile.  The organic electrolyte TEABF4 in PC can reach a maximum 
voltage of 3 V before it breaks down. 
When producing structural electrolytes, the TEABF4 / PC solution was mixed with a 
continuous epoxy matrix formed from Araldite LY564-1 Resin and Aradur HY2954 
Hardener in a ratio of 100 parts to 35 by weight respectively. Silmid Ltd UK supplied 
the resin and hardener. 
3.1.4. Electrodes 
Activated Charcoal (4C Norit A charcoal -product C9157 from Sigma Aldrich, a peat 
bog-derived charcoal) was used as the primary electrode material. This is a high 
surface area powder with a specified nominal surface area of 1000 m2/g and a particle 
size distribution comprising 70-75% greater than 10 µm and 10-15% greater than 74 
µm.  
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Carbon Black, a conductive powder additive was used to dope the electrode material 
to increase conductivity, supplied by Alfa Aesar. This carbon black powder had a 
specified nominal surface area of 75 m2/g and a bulk density of 170-230 g/l. 
 
This dry carbon mixture was combined with SBR (styrene-butadiene rubber) binder, a 
hydrophilic polymer emulsion in water supplied by MTI Corporation. This binder 
was received as a 15 %wt emulsion in water, which was then further diluted in de-
ionised water to achieve the desired viscosity of the final electrode slurry.  
 
When constructing supercapacitors with structural electrolytes, a continuous fibre 
textile was chosen as the electrode material. Activated carbon fibre plain-woven 
fabric, ACC-507-15 Kynol Novoloid Fabric manufactured by Gun-ei Chemical 
Industry Co., was used for electrode material. It has a stated thickness 0.5mm, density 
12 mg/cm2, surface area of 1,500 m2/g. This fabric provided both the conductivity and 
high surface area required of a supercapacitor electrode.  
When considering structural electrodes, graphene was chosen as the high surface area 
primary electrode material over activated carbon due to its ability to be cross-linked 
into a structural solid. Graphene nanoplatelets (GNPs) N008-100-P-10 by Angstron 
Materials USA, or MWGOGS1 (microwave expanded graphitic oxide) by NCSR 
Demokritos Greece (Vermisoglou et al. 2015), were obtained for use as the primary 
electrode material. Elemental sulfur 99.5% by Sigma-Aldrich UK, was used to cross 
link the GNPs, and doped with carbon black 99.9% from Alfa Aesar UK, and Elicarb 
multiwall carbon nanotubes from Thomas Swan UK. 
Graphene nanoplatelets (GNPs) N008-100-P-10 by Angstron Materials USA is a 
powder with a stated specific surface area of 15 m2/g, with 90 vol.% of the particles 
having an average lateral size of 11-12 µm; the stated average platelet thickness is 50-
100 nm. MWGOGS1 (microwave expanded graphitic oxide) by NCSR Demokritos 
Greece had a reported specific surface area of 2490 m2/g (Vermisoglou et al. 2015). 
The Elicarb® MWNTs used in this study have >92% purity, a stated inner diameter of 
3-10 nm, a stated outer diameter of 10-30 nm, and an average length of tens of 
microns. 
3.1.5. Structural GFRP Panels 
5 harness satin weave glass fibre supplied by Fothergill Engineered Fabrics Ltd was 
used as the fibre reinforcement in GFRP panels fabricated for sandwich and 
composite panels with embedded supercapacitors. It consisted of three fine bundles 
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twisted together to form both the warp and weft toes. The tex value of each fine 
bundle was 22 g/m. The fabric was 0.23 mm thick, and had an areal density of 297 
g/m2. 
The continuous polymer matrix used to complete the GFRP panels was made as 
follows: 
• 100 parts Epoxide Resin SER 300 supplied by Kömmerling UK Ltd, (bisphenol 
“A”-epichlorohydrin). 
• 60 parts Epoxy embedding medium, hardener MNA supplied by Sigma 
Aldrich, (methyl-5-norbornene-2,3-dicarboxylicanhydride). 
• 4 parts Ancamine K61B curing agent, supplied by Air Products Chemicals 
Europe, (2-ethylhexanoic acid, compound with 2,4,6-
tris[(dimethylamino)methyl]phenol). 
3.1.6. Casing Materials 
The casing material is needed to protect the supercapacitor cells and seal them to 
avoid leakage of the electrolyte. In preliminary tests and those containing graphene 
based electrode materials, low-density polyethylene bags supplied by Sigma Aldrich 
were used to contain the supercapacitors.  
Later tests used 115 µm polymer laminated aluminium foil EQ-alf-200-15M as casing 
material, supplied by MTI Corporation. This is an electrically insulated foil 
comprising aluminium, polyimide, polypropylene, and polyester-polyurethane and 
urethane-free adhesives. 
 34 
3.2. Material Processing Techniques and EDLC Fabrication 
Techniques 
 
Figure 3.1 (a) Diagram of an EDLC cell; the separator and the porous electrodes are 
impregnated by the electrolyte. (b) EDLC cell sealed inside the casing material (polymer 
laminated aluminium foil) with the positive and negative tabs on one side ready for connection in 
a circuit. 
Supercapacitors in this study are of the symmetric EDLC type (Figure 3.1(a)), 
comprising two current collectors with two active electrodes adjacent to the inner 
surface of the current collector foils and sandwiching the porous separator. The 
separator and porous electrodes are impregnated with the electrolyte. The whole cell 
assembly is covered by the casing (Figure 3.1(b)). An outline of the processing 
techniques required to construct standard supercapacitor test cells for lab scale 
experimentation is presented. Deviations from these procedures due to the need to 
build structural devices are explored in each relevant chapter.  
(a) 
(b) 
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3.2.1. Standard Electrodes and Current Collectors 
The standard method to construct a supercapacitor electrode is to apply a wet slurry of 
activated electrode material to the current collector in a uniform fashion, and to dry 
the slurry allowing the binder material to bond the powder to the current collector 
surface. Preparation of the electrode slurry was a process of combining the dry 
materials with the chosen solvent (water for the SBR binder emulsion), and obtaining 
a homogenous slurry ready for application to the current collector. The standard 
recipe for producing electrode slurry was to combine 90%wt activated carbon, 5%wt 
carbon black, and 5%wt binder (where %wt refers to the mass of solids).  
The first step involved dispersing the SBR binder into de-ionised water to a less 
viscous concentration. The SBR binder was diluted from its supplied concentration of 
15% down to 2.5%. The dry carbonaceous material was then combined with the dilute 
SBR to give the desired solid mass ratios. This produced a very thick paste that 
required mixing by hand with a spatula before using a magnetic stirring rod and 
stirring plate for a period of one hour to combine into a homogeneous slurry.  
 
Figure 3.2 Schematic diagram of roll-to-roll coating machine, detailing direction of current 
collector travel (left to right), point of electrode slurry deposition and heated drying chamber. 
 
The homogenous electrode slurry was deposited onto the aluminium carbide current 
collector using a roll-to-roll electrode coating machine (Figure 3.2). This device 
allows continuous production of electrode coated foil at an adjustable depth. The 
ability to produce large quantities of electrode at the same coating thickness from the 
same batch of electrode slurry was desirable when fabricating supercapacitor panels 
with very large electrode surface areas. 
Uncoated aluminium 
carbide current 
collector roll 
Dry supercapacitor 
electrode roll 
Heated bed 
Hot air 
supply 
Air and gas 
exhaust 
Electrode slurry 
deposited through fixed 
aperture 
Drying Chamber 
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3.2.2. Standard Electrolyte 
TEABF4 was dissolved at 1 molarity in propylene carbonate, which is 217.06 grams 
per litre. This molarity is very close to the dissolution limit, and as such requires 
thorough stirring with a magnetic stirrer for ~ 30 minutes, followed, if necessary, by 
15 minutes in an ultrasonic bath to fully dissolve all of the salt particles.  
3.2.3. Standard Cell Assembly 
Before assembling a supercapacitor, its constituent parts were first cut to size. For 
electrode coated aluminium foils and cellulose paper separators, this was done using a 
razor blade and straight edge. The aluminium foils require lengths of extra material 
that can be trailed out of the cell through a seal to allow for successful cell operation. 
These lengths are typically 5-10 mm wide, and have any carbonaceous electrode 
coating removed. 
The casing material was cut to size ready to be folded in half around the 
supercapacitor and sealed. The cell was then built onto one half of this casing 
material, starting with the first electrode. Onto the first electrode was placed the 
separator paper, cut ~5 mm larger in all directions to prevent any short circuits 
between the electrodes. Onto this separator electrolyte was applied by pipette, at 
approximately 1 ml per cm2 of separator paper. The second electrode was then 
applied ensuring the second electrode surface lines up with first, and no short circuits 
are made via current collectors touching. The cell casing was then folded over with 
two sides sealed by an impulse heat sealer. The final side was then sealed using a 
vacuum chamber sealer, which removes gases from the electrodes and electrolyte, 
removes excess electrolyte, and provides an airtight seal around the cell while holding 
the current collectors in place. This method of vacuum sealing also applies 
atmospheric pressure to the outside of the cell once complete, which allows for good 
ion transport between the electrode surfaces. 
3.3. Characterization Methods 
3.3.1. Specific Surface Area and Pore Size Distribution 
The specific area of electrode surface material was characterised using Brunauer-
Emmet-Teller theory (BET analysis) and the pore size distribution was determined 
using Barrett-Joyner-Halenda (BJH) analysis. Using absorption of nitrogen over time 
the pore size distribution and specific area of an activated sample was derived. This 
was performed using a Micrometrics Gemini V 2380 instrument with software 
conducting the BET and BJH analysis and providing the data of BET specific surface 
area and pore size distribution (BJH analysis).  
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3.3.2. Microscopy and Elemental Composition 
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDX) were undertaken using a Hitachi S-3200 microscope and a Jeol JSM 7100F 
microscope, with the help of the University of Surrey Microstructural Studies Unit. 
EDX allows chemical characterization of samples, allowing for identification of the 
constituent mass percentages of present elements. Through incident electron beam 
excitation, changes in atomic electron energy levels emit a spectrum of X-rays. These 
are incident upon a detector, which correlates count intensity peaks in the spectrum 
with known values to produce weight-percentage chemical composition of the 
sample. 
3.4. Electrochemical Testing Regimes 
Electrochemical testing was primarily undertaken using a Princeton Technology 
Versastat MC. It allows high time resolution testing via impedance spectrometry, 
galvanostatic charge discharge, and galvanodynamic cyclic voltammetry, at potential 
ranges 0-5 V and current ranges 0-0.6 A. This instrument uses a four-cable bridge 
approach for each channel, so the data is independent from the resistance of the cables 
or internal resistances of the instrument. Some structural supercapacitors were tested 
at higher currents and voltages using a Battery Analyser supplied by MTI 
Corporation, US. The Battery Analyser can operate in the range of 0-50 V and 0-10 A 
but it is not bipolar, which means that it cannot maintain constant current in 
galvanostatic charge-discharge tests, at very low voltage during the discharge phase, 
since it automatically reduces the current if there is risk of the voltage falling below 
0V. The Hoecherl & Hackl NL1V8C320 source-sink instrument can operate in the 
range of 0-8 V and 0-320 A. It is bipolar to -0.5 V, which means that the galvanostatic 
charge-discharge tests can maintain constant current during the whole discharge all 
the way to 0 V. However, this instrument did not use a four-cable bridge, which 
means that the resistance of the cables has to be taken into account. 
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3.4.1. Impedance Spectroscopy and Components of Resistance 
Impedance spectrometry measures the real and imaginary components of impedance, 
with varying frequency and constant current and voltage. Data was collected between 
106 Hz and 10-2 Hz.  Impedance, Z, is presented as a complex number described by 
relation: 
 
Where Zre is the resistance and Zim is the imaginary impedance given by the relation: 
 
Where L is the inductance and C is the real capacitance. At medium to low 
frequencies, the inductance term is negligible and the capacitance is usually given by 
the relation: 𝐶 = 1/(2𝜋𝑓𝑍!")     (3.3) 
 
The data from impedance spectrometry is plotted as a Nyquist Plot. This displays real 
impedance on the x-axis, and imaginary impedance on the y-axis as is shown in the 
example of Figure 3.3(a).  
𝑍 = 𝑍𝑟𝑒 + 𝑖𝑍𝑖𝑚     (3.1) 
𝑍𝑖𝑚 =  −2𝜋𝑓𝐿 + 12𝜋𝑓𝐶    (3.2) 
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Figure 3.3 EIS-related diagrams: (a) Nyquist plot of the EIS data; (b) a general equivalent 
electric circuit of a supercapacitor consisting of inductance, L, in series resistance, Rs, in parallel 
resistance, Rp, capacitance, C1, Warburg element, W, and the double layer capacitance, Cdl. 
 
A simplified real capacitor can be modelled as an ideal capacitor and ideal resistor in 
series and/or parallel (Chung 2010). Figure 3.3(b) presents a general equivalent 
electric circuit of a supercapacitor. When examining a Nyquist plot, these 
characteristics appear clearly as distinct features on the graph. The left hand side point 
of the semi-circle on the x-axis of the Nyquist plot represents the in-series resistance, 
Rs, which includes the resistance of electrolyte and separator.  An ideal resistor 
appears as a semicircle in the plane of the real axis; the diameter of this semi-circle is 
the parallel resistance, Rp, which is usually the biggest component of the Equivalent 
Series Resistance (ESR = Rs + Rp). Rp represents the contact resistance which is 
minimised when there is good contact between the porous electrode and the current 
collector.  
An ideal capacitor appears as a straight near-vertical line parallel to the imaginary 
axis, whose imaginary impedance indicates the capacitance of the cell according to 
equation (3.3). Thus an ideal supercapacitor (with double layer capacitance Cdl) 
performing optimally should trace a small semi-circle followed by a steep straight line 
on a Nyquist plot of the impedance spectrometry output. However, porous electrodes 
have usually a pore size distribution which means that there is ion transport through 
these different-size pores, each size with different resistance: this is represented by the 
Warburg region of the plot, where the Warburg element is represented by a 45o angle 
Rs 
 
 
Rp Warburg	region	 
(a) (b) 
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of the Nyquist curve in this region. Different types of supercapacitors exhibit more 
(slope less than 45o) or less resistive (slope more than 45o) behaviour than the 
Warburg element.  
3.4.2. Cyclic Voltammetry 
Cyclic Voltammetry (CV) ramps voltage across the cell linearly at a fixed scan rate 
(V/s), up to a target potential difference across the cell, before inverting the scan rate 
to bring the potential back to zero. The resulting current, I, is then measured as a 
function of voltage, V. Constant scan rates, Vrate=dV/dt, in the range of 1 mV/s – 10 
V/s were used in this study. The cells were cycled between 0 and 3 V, as the latter is 
the maximum operating voltage of the organic electrolyte used in this study. CV plots 
can be used to identify any redox effects by peak currents at the redox points. The 
data of current can be translated to cell capacitance using the equation: 𝐶!"## = !!!"#$      (3.4) 
from which the specific cell capacitance, Ccell,spec, can be calculated by dividing Ccell 
with the mass of both electrodes.  CV plots are usually plots of the specific electrode 
capacitance, Cel,spec, versus voltage, where: 𝐶!",!"#$ = 4 𝐶!"##,!"#$                  (3.5) 
As a performance indicator, cell capacitance was determined at the midpoint 
according to the relation: 
 𝐶!"##,!" = 𝐼!"#/(𝑑𝑉 ⁄ 𝑑𝑡)     (3.6) 
where Imid is the midpoint of the current trace, at which maximal potential difference 
is reached.  
3.4.3. Galvanostatic Charge-discharge Tests 
Galvanostatic charge-discharge raises the potential of the cell to a set value at 
constant current, before then discharging at constant current. Data of voltage versus 
time was collected at various currents depending upon the capabilities of the cell, and 
in the potential range of 0-3V. Recording voltage and elapsed time, cell capacitance 
can be expressed by 
 𝐶!"##,!" = 𝐼/(𝑑𝑉 ⁄ 𝑑𝑡)      (3.6) 
Plotting the voltage output from charge-discharge tests against time can show 
qualitative features of the cell’s cycle ability. An ideal capacitor will charge linearly 
with gradient a function of the current input, and then discharge symmetrically with 
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respect to the elapsed time.  Simplified real capacitors then include some ideal 
resistance, and so a voltage drop-off is expected when initiating a charge or discharge 
cycle. 
The test was run over various currents so that a range of power and energy outputs 
can be examined. The product of discharging current and voltage gives the power 
output of the cell at each time step, and taking the time integral of each power value 
gives the component energy output. Thus the total energy output of the cell is the sum 
of all time step energies.  The power and energy values were divided by the total mass 
of the two electrodes to determine power and energy densities of the cell with respect 
to the mass of the two active electrodes. Ragone plots were then constructed for each 
type of cell comprising energy density versus power density. 
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3.5. Mechanical Testing Regimes 
Mechanical three point bend testing was undertaken using an Instron 500R universal 
testing machine. Tests were undertaken with consideration to ASTM.D790, following 
its prescribed methods for testing reinforced and unreinforced plastics where possible. 
Three point bend tests provide values for the flexural stress and strain of a material. A 
beam sample is placed in a three-point rig on a universal testing machine. A 
displacement is applied to the centre of the beam, with the reactant force measured. 
After some time the beam will fail, giving the maximum load (at failure) and 
maximum displacement results. 
Data was collected for force, displacement and time, and these can be used to obtain a 
variety of analysis results. Plotting force against time gives a graph that shows how 
the beam reacts to the increasing load placed upon it; this plot should be 
approximately linear indicating elastic deformation, before the gradient slopes away 
indicating plastic deformation and permanent damage. At the point of failure load will 
drop away as the structural integrity of the beam is compromised. 
Flexural strength σfm, expressed in megapascals, can be calculated using the applied 
load at failure Pmax in Newtons, and the beam span L, width b, and thickness d in 
millimetres, according to the equation:  𝜎!" = !!!"#!!!!!        (3.7) 
The flexural strain εf, expressed in millimetres per millimetre, can be calculated 
through the beam deflection δ, thickness d, and span L, all in millimetres. 𝜀! = !!"!!                                             (3.8) 
Three point bend tests were carried out at a speed of the moving head of 1 mm/min. 
Nominal flexural modulus can be obtained by considering the beam span L, width b, 
and thickness d in millimetres, and the applied load time derivative 𝑚 = !"!"  where P 
is the load applied to the beam and t is time in seconds.  
𝐸! = !!!!"!!!!      (3.9) 
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4. Structural Electrolytes 
4.1. Introduction 
This section outlines early attempts to manufacture a structural supercapacitor. 
Choices of material in the manufacture of cells are considered, with attention given in 
particular to the joint selection of electrode and electrolyte in all-solid or part-solid 
configuration. An experimental method for the construction of a simple structural 
EDLC is presented. High performance activated carbon fibres immediately lend 
themselves to use as both electrode and reinforcing phase within a polymer matrix. 
They are combined with a solid electrolyte system consisting of an organic electrolyte 
solution in an epoxy matrix where different compositions were tried. This could 
produce an all-solid structural EDLC, the ultimate goal of this project. The EDLCs 
were tested in the full range of electrochemical tests conducted in this study to assess 
energy storage and power density performance.  
4.2. Materials and Experimental Techniques 
4.2.1. Materials 
Electrode 
Activated carbon fibre plain-woven fabric, ACC-507-15 Kynol Novoloid Fabric 
manufactured by Gun-ei Chemical Industry Co., was used for electrode material. It 
has the following stated specifications: thickness = 0.5 mm, areal density = 12 
mg/cm2, surface area = 1,500 m2/g, and was used as received without further 
treatment. 
Current Collector 
30G01 Toyal Carbo aluminium carbide composite foil, manufactured by Toyo 
Aluminium K.K. was used as electrode current collectors. The foil has a stated 
thickness of 30 µm, and orthogonal aluminium carbide nano whiskers of diameter 20-
30 nm. It was measured to have an areal density of approximately 12 mg/cm2. 
Separator 
TF4060 Electric Double Layer Capacitor Separator, manufactured by Nippon 
Kodoshi Corp. was used as a porous dielectric separator. A cellulose paper, it has a 
stated thickness of 60 µm, and measured to have an areal density of approximately 2.5 
mg/cm2. 
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Electrolyte 
TEABF4 (tetraethyl ammonium tetrafluoroborate) was dissolved at 1 molarity in PC 
(propylene carbonate), both supplied by Sigma Aldrich.  
Araldite LY564-1 resin was combined with Aradur HY2954 Hardener in a ratio of 
100 parts to 35 by weight respectively.  
The organic electrolyte solution and the epoxy matrix were used as a mix of 
electrolyte solution:epoxy  ratio of 1:2, 1:1, and 2:1 w/w. EDLCs with only liquid 
electrolyte 1M TEABF4 in PC were also fabricated and tested. 
Cell Casing and Terminal Tabs 
115 µm polymer laminated aluminium foil EQ-alf-200-15M was used as casing 
material, with 8 mm aluminium tabs EQ-PLiB-ATC8 used for external circuit 
connection. Both are supplied by MTI Corporation.  
4.2.2. Manufacturing Techniques 
The Multifunctional Materials group at Imperial College pioneered a method of 
constructing a structural supercapacitor. The group develops composite materials that 
can carry mechanical loads and store/deliver electrical energy. They have produced a 
carbon fibre reinforced polymer composite, which can act as a supercapacitor, with 
some structural properties. They claim to have produced a composite with specific 
capacitance 20 mF/g and specific energy about 0.011 Wh/kg. Their method for 
manufacture is outlined in patent “Electrolyte” (Bismarck, et al. 2010). 
To produce an all-solid epoxy-electrolyte mix cell, an appropriate sealing technique is 
implemented. Vacuum assisted resin transfer moulding (VARTM), is a process that 
introduces a liquid phase into a solid fibre porous phase under vacuum, with minimal 
deformation to any pre-prepared geometry. The process is ideal for forming an epoxy-
electrolyte supercapacitor with a porous separator and fibre fabric electrodes, as the 
dry cell layup can be prepared as in a standard cell beforehand, laid in the mould, 
covered by a vacuum bag and VARTM used to introduce the liquid mixture while 
retaining the desired design. In this case sealing the flat cell is achieved by the 
vacuum bag which vacuums the assembly to a flat mould plate; consecutively, the 
impregnation of the porous layers by the electrolyte-epoxy mix and the curing of the 
epoxy produces a flat panel composite.  
The process and materials were adapted for this project by the use of “off the shelf” 
materials, chemicals, tools and processes. As the electrolyte is mixed with a 
continuous phase epoxy resin, when cured there will be a dispersion of electrolyte 
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amongst the solid polymer. Because of this it is expected that there will be a 
significant drop in performance when compared to liquid-electrolyte cells due to the 
fact that epoxy is not an electrolyte or ionomer itself and, as a solid, it has a much 
lower diffusion coefficient to the electrolyte ions than an all-liquid solvent like PC. 
Another factor expected to reduce performance is the use of PC instead of AN as the 
electrolyte solvent, where PC has higher viscosity (2.5 mPas) than AN (0.34 mPas) 
(Xu, Ding and Jow 1999). 
Because the VARTM process requires pulling a vacuum on the electrolyte (additional 
to the epoxy resin), and that the final product must be cured in an oven at higher than 
room temperature, AN is not a suitable choice for electrolyte solvent. AN would boil 
away under vacuum, or once heat is applied to cure the epoxy (its boiling point is 
approximately 82°C at atmospheric pressure). Thus propylene carbonate (PC), with a 
higher boiling point (boiling point: 242°C at atmospheric pressure), was chosen as the 
solvent for the TEABF4 electrolyte. 
 
 
Figure 4.1 Cross section of VARTM process of EDLC mounted to flat glass plate. Vacuum pulls 
resin through EDLC layup; bag keeps contaminants out and maintains pressure on electrodes 
against separator. 
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Figure 4.1 displays a schematic of the VARTM set up used for this project. A flat 
glass plate was used as the rigid mould substrate. The dry EDLC cell was laid on a 
glass mould plate. Two spirals were placed adjacent to the cell to maintain the 
vacuum bag over the assembly and allow the free application of vacuum and the free 
flow of resin into the EDLC cell. The assembly was covered by a vacuum bag and 
vacuum was applied to the system to evacuate all air while the resin tube supply was 
maintained clamped. Once the assembly was evacuated and the vacuum bag moulded 
well over it, the clamp was removed from the inlet tube and the resin-electrolyte mix 
was drawn into the bag and the assembly. The liquid mix impregnated the porous 
electrodes and separator of the cell and once it was seen on the other side at the 
beginning of the vacuum tube, both feed inlet tube and vacuum tube were clamped. A 
solid plate with a weight of 10 kg was placed on top of the cell and the resin was 
allowed to cure for 12 hr at room temperature. The EDLC cell was then removed and 
ready for testing. 
4.3. Results and Discussion 
The solid electrolyte supercapacitor cells were tested by impedance spectrometry, 
cyclic voltammetry and galvanostatic charge-discharge on the Princeton Versastat. 
Mechanical three point bend testing was carried out on an Instron universal testing 
machine. As performance is expected to vary with the ratio of the electrolyte 
solution:epoxy matrix mixture, three different compositions were tried in 4×4 cm 
cells of 0.384 g carbon fabric mass for both electrodes, and tested by impedance 
spectrometry (the fastest test and a good indicator of a cells viability). These 
compositions had the following electrolyte solution:epoxy ratios: 1:2, 1:1, 2:1 (all by 
mass, w/w). The cell with the best electrochemical performance was subjected to the 
full range of electrochemical tests, also including cyclic voltammetry and 
galvanostatic charge-discharge. For comparison and completion, a 4×4 cm basic 
pouch cell with 1 M TEABF4/PC electrolyte and no epoxy was also tested to observe 
how PC alone affected the results. 
4.3.1. Electrochemical Testing Results for EDLCs with Structural Electrolyte 
Figures 4.2-4.4 present the Nyquist plots for tested EDLCs of different mass ratios of 
electrolyte solution:epoxy matrix. Figure 4.2 presents the Nyquist plot for the EDLC 
with 2:1 w/w epoxy:electrolyte solution; the curve shape shows general 
supercapacitor behaviour but with a negligible capacitance of 0.17 mF at 0.01 Hz, and 
a significant ESR of approximately 50 kΩ. Increasing the proportion of the electrolyte 
solution to 1:1 w/w epoxy:electrolyte solution improves electrochemical properties as 
shown in Figure 4.3 although the EDLC has still a very low capacitance of 2.5 mF at 
0.01 Hz, and a very high ESR of approximately 0.2 kΩ. Finally, the EDLC cell with 
1:2 w/w epoxy:electrolyte solution (Figure 4.4) gave the highest capacitance and 
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lowest resistance out of the three cells with different epoxy-electrolyte ratios: these 
were a capacitance of 9 mF at 0.01 Hz (still low), and an ESR of approximately 10 Ω; 
the knee frequency was about 300 mHz. It is of note that even though this was the 
best performing solid cell, its resistance and capacitance were approximately two and 
three orders of magnitude, respectively, worse than the respective non-structural cell 
shown in Figure 4.10. 
 
 
Figure 4.2 Nyquist Plot  for EDLC of 16 cm2 with 2:1 w/w Epoxy:Electrolyte 1M TEABF4/PC.  
 
Figure 4.3 Nyquist Plot  for EDLC of 16 cm2 with 1:1 w/w Epoxy:Electrolyte 1M TEABF4/PC.  
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Figure 4.4Nyquist Plot  for EDLC of 16 cm2 with 1:2 w/w Epoxy:Electrolyte 1M TEABF4/PC. 
This ratio of 1:2 w/w epoxy:electrolyte solution was therefore chosen to proceed with 
fabricating a larger 8×9cm cell of 1.73 g carbon fabric mass for both electrodes and 
18.5 g total cell mass to test in cyclic voltammetry and galvanostatic charge-
discharge. Figure 4.5 presents the voltammograms at different charge-discharge rates 
from 0.01 V/s to 1 V/s. The EDLC demonstrates low specific capacitance, reaching a 
maximum of 0.34 F/g. 
 
Figure 4.5 Cyclic Voltammograms for EDLC of 72.16 cm2 with 1:2 w/w Epoxy:Electrolyte 1M 
TEABF4/PC.   
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Figure 4.6 Results of the galvanostatic charge-discharge tests for the EDLC of 72.16 cm2 with 1:2 
w/w epoxy:electrolyte 1M TEABF4/PC.   
 
Figure 4.7 Ragone plot from the discharge phase of the galvanostatic charge-discharge data for 
the EDLC of 72.16 cm2 with 1:2 w/w epoxy:electrolyte 1M TEABF4/PC. 
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Figure 4.6 presents the galvanostatic charge discharge test data at different current 
levels. Moderate ESR is indicated by a drop of around 0.5 V when discharging from 3 
V at 0.4 mA current. Asymmetrical and non-linear charge-discharge lines also 
indicate an inefficient cell with complex undesired behaviour. Charge transport is 
dominated by the charge diffusion mechanism as indicated by the non-linear part of 
the discharge curves after the initial voltage drop due to ESR. The Ragone plot in 
Figure 4.7 shows a maximum specific energy during discharge from 3 V of 5 
mWh/kg of carbon mass at 0.4 mA current (0.5 mWh/kg of total cell mass), and a 
maximum specific power during discharge from 3 V of 0.002 kW/kg of carbon at 10 
mA current (0.2 W/kg of total cell mass).  
 
4.3.2. Mechanical Testing Results for EDLCs with Structural Electrolyte 
 
Figure 4.8 Mechanical three point bend test data for 1:2 and 1:1 w/w epoxy:electrolyte beams cut 
to 40x15 mm. 
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Figure 4.9 Mechanical three point bend test data for 2:1 w/w epoxy:electrolyte beam cut to 40x15 
mm. 
Mechanical three point bend testing was carried out after cutting the samples to beam 
sizes suitable for testing by the regime ASTM.D790. These were 40x14 mm, with a 
measured depth of 2 mm. Figure 4.8 and Figure 4.9 show the results of load plotted 
against time, and it was immediately clear that the sample made from 2:1 w/w 
epoxy:electrolyte outperformed the other two concentrations, withstanding a load at 
failure over an order of magnitude greater. Data from these results allowed for 
calculation of the flexural strength and modulus, shown below in Table 4.1. 
 1:2 w/w 
epoxy:electrolyte 
1:1 w/w 
epoxy:electrolyte 
2:1 w/w 
epoxy:electrolyte 
Flexural Strength 
MPa 
29.1 36.7 1357 
Flexural Modulus 
GPa 
0.296 0.616 24.1 
Table 4.1 Table showing the flexural strength and modulus results for the three samples 1:2, 1:1, 
and 2:1 epoxy:electrolyte. 
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4.3.3. Comparative Liquid Electrolyte Cell Electrochemical Results 
 
Figure 4.10 Nyquist Plot of Comparative EDLC Pouch Cell of 16 cm2 with 1M TEABF4/PC 
Electrolyte. 
 
Figures 4.11-4.13 present the electrochemical test data for comparative EDLC pouch 
cells of 16 cm2 with 100% liquid electrolyte 1M TEABF4/PC.  The Nyquist plot in 
Figure 4.8 shows an acceptable capacitance 8.0 F at 0.01 Hz, and a moderate ESR of 
approximately 0.8 Ω; the knee frequency is about 100 mHz. Figure 4.9 shows the 
galvanostatic charge-discharge data with very low ESR, indicated by a negligible 
drop of around 0.01 V when discharging from 3 V at 1 mA current. Near symmetrical 
and straight charge-discharge lines also indicate a highly efficient cell. Figure 4.10 
presents the Ragone plot for this EDLC with liquid electrolyte, which shows a 
maximum specific energy during discharge from 3 V of 32 Wh/kg of carbon mass at 1 
mA current, and a maximum measured specific power during discharge from 3 V of 
1.2 kW/kg of carbon at 600 mA current. 
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Figure 4.11 Galvanostatic Charge-discharge Data for Comparative EDLC Pouch Cell of 16 cm2 
with 1M TEABF4/PC Electrolyte. 
 
Figure 4.12 Ragone plot from the discharge phase data of the galvanostatic charge-discharge for 
Comparative EDLC Pouch Cell of 16 cm2 with 1M TEABF4/PC Electrolyte.  
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4.4. Concluding Remarks 
To investigate a structural EDLC using an epoxy-electrolyte mix as a structural 
electrolyte, three different mass ratios of electrolyte to epoxy were tested, with the 
best results from impedance spectroscopy coming from a ratio of 2 parts electrolyte to 
1 part epoxy. Up scaling the design to a larger surface area cell, charge-discharge was 
performed and gave a specific energy of 5×10-3 Wh/kg, and a specific power of 2×10-3 
kW/kg for this type of cell. These are several orders of magnitude lower than the 
comparative non-structural cell, which produced 32 Wh/kg and 1.2 kW/kg for energy 
and power density respectively. This large supercapacitor performance difference 
discards using a solid polymer-electrolyte mix within the cells, with the prospect of 
researching and developing better performance from this method beyond the scope of 
this project. However, the flexural strength and modulus values obtained from three 
point bend testing of the 2:1 w/w epoxy:electrolyte sample is in line with a low 
performance carbon reinforced epoxy composite. 
The significantly low electrochemical performance of the polymer electrolyte cell 
presented in this report necessitated a change in direction for the project. Although it 
has been shown that an existing technology EDLC can be combined with a structural 
support to construct a load-bearing cell, a true structural energy storage device is still 
yet to be demonstrated. As such a new approach is needed. 
Carbon aerogels offer a new direction in fulfilling the project specification. A 
conductive high surface area monolith with high structural strength could be used as 
the electrode within an EDLC. Conductivity and high surface area would fulfil the 
requirements necessary for a successful EDLC. This construction would also allow 
for use of existing high performance organic electrolytes and separators within the 
EDLC, as well as accommodating any future advances in these categories.  
A possible method of manufacturing such a carbon aerogel would be to crosslink 
graphite with elemental sulfur, as detailed in a Nanoscale Research Letters paper 
titled “Graphite nanoplatelet chemical cross-linking by elemental sulfur” (G. 
Carotenuto, et al. 2013). This method would use graphite nano-platelets (GNPs) 
dissolved in a solvent, to be cross-linked with sulfur, to produce a conductive and 
structural monolith that could serve as electrode material in a new EDLC.  
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5. Structural Electrodes 
5.1. Introduction 
Graphene nano platelets (GNPs) have been used as supercapacitor electrode material 
to provide both the high conductivity and high surface area required for a successful 
energy storage device (Stoller, et al. 2008). Mixing of these graphene structures with 
elemental sulfur has been found to produce a mechanically stable material (G. 
Carotenuto, et al. 2013), although the author’s assertion of chemical crosslinking is 
circumspect given the outlined methodology. While it is doubtful that true chemical 
cross linking of the GNPs and sulfur can take place in a heated environment without 
significant pressure to prevent evaporation or reaction of the sulfur, the authors work 
is still replicated below in an attempt to reproduce similar results. 
The concept in this chapter is to investigate the fabrication of structural electrodes 
based on cross-linked graphene, their performance in supercapacitor devices and their 
structural behaviour. The first stage of research is to investigate different ratios of 
graphene/sulfur in the mechanical or chemical linking of graphene and the 
microstructure and properties of the manufactured electrodes. The addition of 
conductive carbon black and multiwall carbon nanotubes (MWCNTs) is also 
explored.  The resulting carbon-sulfur solid is unreactive when used with 
supercapacitor electrolytes. Characterisation of the graphene-sulfur material will be 
shown through results of scanning electron microscopy and energy dispersive X-ray 
spectroscopy (SEM and EDX), specific pore surface area (BET) and pore size 
distribution (BJH).  The effects of these variables on the performance of the 
graphene-sulfur as a supercapacitor electrode are presented through the test data of 
impedance spectrometry, cyclic voltammetry and galvanostatic charge-discharge for 
the fabricated EDLC supercapacitors. Analysis of the structural performance of the 
material is conducted by flexural three-point-bend testing. 
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5.2. Materials and Experimental Techniques 
5.2.1. Materials   
This investigation focuses on construction of a structural supercapacitor, and as such 
carbon electrodes with polymer binder do not provide enough mechanical stability. 
Therefore the aim is to create a high conductivity and surface area graphene material, 
for use as supercapacitor electrodes, which will also provide structural rigidity and 
strength to the device. Carbon nanomaterial cross-linking by sulfur has been 
described by Carotenuto et al. (G. Carotenuto, et al. 2013). In a process akin to 
vulcanising rubber, the authors state that graphene was chemically bonded with 
elemental sulfur to produce a mechanically stable material. By dispersing expanded 
graphite nanoplatelets and elemental sulfur in octane, they produced a graphite/sulfur 
mixture that when annealed resulted in a cross-linked conductive aerogel (G. 
Carotenuto, et al. 2013).  Their annealing process took place in an oven at 300 °C, and 
caused elemental sulfur molecules (S8) to unbind and allow subsequent bonding of 
sulfur molecules to carbon within the graphene platelets. They claim that this process 
allows polysulfur carbon chains (C-(S)n-C) to successively release sulfur radicals 
which further react with the edges of the graphene sheets to produce monosulfur 
cross-links (C-S-C).  
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The following materials were used for the supercapacitors developed in this project in 
the work described in this chapter. 
Electrode 
Graphene nanoplatelets (GNPs) N008-100-P-10 by Angstron Materials USA, or 
MWGOGS1 (microwave expanded graphitic oxide) by NCSR Demokritos Greece 
(Vermisoglou, et al. 2015), crosslinked with elemental sulfur 99.5% by Sigma-Aldrich 
UK, and doped with carbon black 99.9% from Alfa Aesar UK, and multiwall carbon 
nanotubes from Thomas Swan UK. 
Current Collector 
30G01 Toyal Carbo aluminium carbide composite foil, manufactured by Toyo 
Aluminium K.K. was used as electrode current collectors. The foil has a stated 
thickness of 30 µm, and orthogonal aluminium carbide nano whiskers of diameter 20-
30 nm.  
Separator 
TF4060 Electric Double Layer Capacitor Separator, manufactured by Nippon 
Kodoshi Corp. was used as a porous dielectric separator. A cellulose paper, it has a 
stated thickness of 60 µm, and measured to have a density of approximately 2.5 
mg/cm2. 
Electrolyte 
TEABF4 (tetraethyl ammonium tetrafluoroborate) was dissolved at 1 M in PC 
(propylene carbonate), all supplied by Sigma Aldrich.  
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5.2.2. Manufacturing Techniques 
Preparation of graphene was performed in a similar procedure to that outlined by 
Carotenuto et al. (2013). Changes to the method were made to make best use of 
available equipment and resources, including dispersing the GNPs and sulfur in 
toluene rather than octane. Attempts to cross-link GNPs with sulfur at 300°C in an 
oven proved difficult, with EDX analysis showing negligible sulfur left in the 
samples, attributed to oxidation and evaporation of sulfur at this temperature. A 
method to perform the annealing in inert atmosphere was tested, however this 
required using a tube furnace with nitrogen pumped through it. The low temperature 
accuracy of the furnace at 300°C, low working area within the furnace, and high 
consumption of nitrogen ruled out pursuing this method further. The process was then 
attempted under vacuum, and it was immediately apparent that the sulfur was 
evaporating out of the samples and condensing on the metal surfaces within the oven 
post processing during cooling. Thus, the temperature of the process was reduced to 
where sulfur evaporates less easily, and cross-linking occurs more readily. This was 
found to be 125 °C under vacuum. 
Slurries of dispersed graphene nanoplatelets (GNPs) and sulfur in toluene were 
prepared at different GNP: toluene compositions while the mass ratio of the total solid 
mass (GNP and S, and also carbon black and MWCNTs in later experiments) to the 
slurry (GNP + S (+CB+MWCNT)+ toluene) was maintained the same at 1:10. 
Graphene nanoplatelets (N008-100-P-10, Angstron Materials) were dispersed into 
toluene (laboratory reagent grade, Fisher Scientific) and homogenised using a high 
speed shear mixer (homogeniser) at 15000 rpm for 1 hour. Elemental sulfur (99.5%, 
Sigma-Aldrich) was added to the slurry and mixed again using a magnetic stirrer for a 
further hour to form the basic graphene-sulfur paste, which was poured into moulds 
for annealing, where a constant mass of 12.8 g of slurry was poured in each mould. 
The moulds were glass petri dishes of 48.5 mm inner diameter. As part of this 
investigation, carbon black (acetylene derived, 99.9%, Alfa Aesar) and multiwall 
carbon nanotubes (P940, Elicarb, Thomas Swan Ltd.) were added in various 
concentrations before addition of sulfur, with a subsequent additional hour of shear 
mixing. The annealing process required first drying the mixtures in air for 18 hours to 
evaporate away the toluene and leave a homogenous dispersion of dry carbon and 
sulfur. This was performed in a ventilated convection drying oven at 25°C. The 
samples were then transferred to a vacuum oven, where they were placed under 
vacuum to prevent oxidation. The temperature was then increased to 125°C and the 
samples were left to dwell for 4 hours. After being left to cool back to room 
temperature for a further 18 hours, the vacuum was released and the samples were 
removed from their moulds. 
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Each supercapacitor cell was then made by cutting the graphene-sulfur material into 
electrodes using a razor blade. The first electrode was placed on top of its aluminium 
carbide current collector, with a sheet of cellulose separator paper laid on top of the 
pair. Electrolyte was added by pipette, before the second electrode was added, and its 
current collector placed on the top of the stack. The layup was then sealed inside a 
polypropylene bag using an impulse sealer. Every cell in this investigation was made 
with 1.5×3.0 cm electrodes, for a total cell surface area of 4.5 cm-2. 
 
5.2.3 Characterisation and Testing 
The manufactured carbon-sulfur coatings were characterised using scanning electron 
microscopy and energy dispersive X-ray spectroscopy (SEM and EDX). SEM 
provided images for surface analysis, and EDX delivered weight percentage values of 
the constituent elements on and close to the sample surface. The materials were also 
characterised by Brunauer-Emmet-Teller (BET) theory applied to gas absorption of 
the sample materials. This analysis gave specific surface area and the pore size 
distribution of the carbon-sulfur composite.  
Once fabricated into supercapacitors, each cell was tested by impedance 
spectrometry, cyclic voltammetry and galvanostatic charge-discharge. This analysis 
regime provided the specific capacitance, energy, and power of the electrode material 
of the cells. The cross-linked graphene-sulfur material was also cut into beams of 
3.0x1.5 cm that were subjected to flexural three-point-bend testing. Analysis of this 
data gave values for the flexural strength and modulus of the composite material. 
 
5.3. Results and Discussion 
Samples with 21 different mass compositions were tested. These are 5 different 
concentrations of undoped sulfur-carbon with the initial concentrations referring to 
the mass ratio of the feed materials when mixed before heat treatment and cross-
linking. Then the same 5 mass ratios of graphene/sulfur in the feed materials were 
used, each mixture doped with +5%, +10% and +15 wt% carbon black for a total of 
20 samples. Upon completing these samples it became apparent that the initial sulfur 
composition of the samples mattered little, as hard to control evaporation of sulfur in 
the vacuum oven reduced the sulfur content in the product by an unpredictable 
amount. Therefore only one graphene-sulfur concentration sample doped at 0.15 wt% 
with multiwall carbon nanotubes was tested, with an initial composition of 50 wt% 
carbon and 50 wt% sulfur. 
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5.3.1. EDX Results and SEM Imaging of the Electrode Materials 
Table 5.1 shows the full list of investigated compositions in the feed material mixture 
and the characterization data for the produced coatings. It can be seen that the 
produced coatings are thick, of the order of millimeter thickness, with high areal 
density, and about 10 times the thickness and areal density of typical electrode 
coatings in supercapacitors for medium and high power applications (Lei, Wilson and 
Lekakou 2011). EDX data and corresponding imagery was collected using a Hitachi 
S3200; high-resolution imagery and later EDX data (samples 22 and 23) was 
collected on a JEOL JSM 7100 F. 
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Figure 5.1 Example of EDX data and SEM imaging output by Hitachi S3200 for Sample 1. 
Element Weight 
% 
Atomic 
% 
C  94 97 
O  2 1 
S  4 1 
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Figure 5.2 Example of EDX data, with smart maps showing only the carbon and sulfur locations, 
and SEM imaging output by Hitachi S3200 for Sample 11, product of Table 4.1 
 
 
 
Element Weight 
% 
Atomic 
% 
C  88 95 
S  12 5 
   
   
 
Carbon Smart Map              Sulfur Smart Map 
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EDX analysis was performed by the Hitachi S3200 SEM. Figure 5.1 displays an 
example of typical results with the associated SEM image. The EDX analysis 
produced spectra for all 21 samples, the composition weight percentages of which are 
presented in Figure 5.1 EDX maps, examples of which are presented in Figure 5.2, 
showed a homogeneous distribution of sulfur over each sample. 
 
Sample 
No. 
Initial material feed 
composition (wt%) 
 
S       GNP    CB    MWCNT 
Final product elemental 
composition (wt%) 
 
S          C         O 
Areal 
density of 
produced 
electrode 
(mgcm-2) 
Thickness 
(mm) 
1 40       60 3.77    94.1     1.63 45.07 1.19 
2 40       55 1.56    94.7     3.32 42.42 1.12 
3 50       50 1.47    95.3     2.67 37.12 1.05 
4 50       45 2.65    94.3     2.65 37.12 0.90 
5 60       40 1.93    95.5     2.02 26.51 0.98 
6 38       57        5 1.93    95.7     1.95 37.12 1.15 
7 42.75  52.25   5 2.33    95.2     2.00 37.81 1.16 
8 47.5    47.5     5 1.94    95.3     2.19 79.53 1.19 
9 52.25  42.75   5 1.71    98.1      21.21 1.01 
10 57       38        5 2.55    94.5     2.53 68.93 0.97 
11 36       54       10 15.4    83.0     1.42 47.72 1.30 
12 40.5    49.5    10 11.3    87.7     0.84 42.42 1.18 
13 45       45       10 10.2    88.9     0.75 39.77 1.08 
14 49.5    40.5    10 19.0    80.3     0.58 45.07 1.16 
15 54       36       10 25.6    74.2      63.63 1.29 
16 34       51       15 11.7    87.2     0.90 63.63 1.81 
17 38.25  46.75  15 15.3    83.6     1.01 29.16 1.07 
18 42.5    42.5    15 17.9    81.3     0.69 60.98 1.17 
19 46.75  38.25  15 10.6    88.3     0.99 53.02 1.37 
20 51       34       15 9.50    89.1     0  50.37 1.05 
21 50       50       0        0.15 20.0   80.0      0 53.02 1.05 
22 47.5    47.5    5        0.15 24.05 75.83    0 46.39 1.90 
23 52.25  42.75  5        0.15 22.51 77.19    0 43.74 1.80 
S – elemental sulfur, GNP - graphene nano platelets, CB - carbon black, MWCNT – multiwall carbon 
nanotubes, C – elemental carbon; O –elemental oxygen. 
Table 5.1 Initial chemical composition by mass of feed material mixture, and subsequent product 
composition by mass through EDX analysis after annealing in the vacuum oven. 
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Table 5.1 also shows that the samples contain up to 3.5 wt% elemental oxygen, 
associated with carbon, i.e. in groups bonded to the GNPs meaning that the GNPs 
have a certain degree of oxidation. Figure 5.3 displays the SEM images (at two 
magnifications for each sample) for all samples of Table 5.1. Samples 1-5 contain 
only GNPs mixed with sulfur, samples 6-20 contain carbon black, which can be 
observed in the higher magnification images as structures of spherical nanoparticles. 
In particular, the high amount of voids that can be observed in sample 9 justifies its 
low areal density, against the highly aggregated and cross-linked GNP structure of 
Sample 10 corresponding to high areal density. Samples 11-15 contain 10% carbon 
black, evident in the high magnification images, which seems to retain more S, 
possibly cross-linking also CB with GNPs, e.g. sample 15. Samples 16-20 contain 
15% carbon black that seems to have covered the GNPs and has highly deformed 
them. Sample 21 contains 0.15wt% MWCNTs, which seems to also retain a large 
amount of S possibly crosslinking with MWCNTs as well as GNPs.  
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Figure 5.3 High resolution SEM images from Jeol 7100: SEM images of S crosslinked GNPs. 
Sample 3. 
Figure 5.3 shows the flaked microstructure of the GNPs. The high-resolution imagery 
details the thin sheets of graphene, agglomerated together to form sharp shards. This 
complex structure gives the total GNP-S coating high surface area for ion access 
during supercapacitor operation. 
|-----| 1 µm 
|----------| 100 nm 
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Figure 5.4 SEM images from Jeol 7100: SEM image of S cross-linked GNPs doped with 10% 
carbon black. Sample 13. 
Figure 5.4 details the nature of CB doping. The fluffy CB particles group like a 
spongy-dust to the GNP structures, providing better net electrical conductivity across 
the coating. Figure 5.5 shows the addition of MWCNTs to the coating, with long thin 
carbon nanotube strands seen unfurled through the GNP structure surfaces. The 
MWCNTs provide further enhancement to net coating electrical conductivity, as well 
as adding some mechanical strength to the material. 
 
|----------| 5 µm 
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Figure 5.5 SEM images from Jeol 7100: SEM image of S cross-linked GNPs doped with 0.15% 
MWCNTs. Sample 21. 
 
Higher resolution and magnification images were obtained using the Jeol 7100 SEM, 
which provides better images for qualitative inspection of the samples. This was 
performed on three representative samples, the 50% sulfur 50% GNP samples 
undoped, doped with 10% carbon black, and doped with 0.15% MWCNT (sample 
numbers 3, 13 and 21) and are presented in above. SEM imagery shows the GNPs to 
be micrometre-scale agglomerations of graphene sheets. The cross-linked graphene 
has the appearance of densely packed flakes, and upon higher magnification 
inspection each flake is seen to comprise further sheets of graphene. High 
magnification imagery shows that thin graphene sheets are semi-translucent to the 
electron beam of the SEM. No sulfur agglomerations are seen on any samples, but its 
presence is indicated by EDX homogenously across all samples. 10 wt% carbon black 
appears “fluffy” and well dispersed throughout the graphene sheets of Sample 13, 
whereas high magnification SEM illustrates structures of agglomerates of carbon 
black spheroids. MWCNTs appear as long thin strands on the graphene sheets 
throughout the sample, whereas the high magnification imagery shows MWCNTs 
emerging from the edges of graphene sheets and demonstrate how they may act as 
conductive bridges between graphene layers. 
 
 
|---------------------------| 1 µm 
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5.3.2. BET and BJH Analysis Results for the Electrode Materials 
Due to the length of time BET analysis takes, and availability of resources, select 
samples were chosen to be representative of the material compositions used. These 
are the 50% sulfur 50% GNP samples undoped, doped with 10% carbon black, and 
doped with 0.15% MWCNT (sample numbers 3, 13 and 21). Table 5.2 displays the 
obtained BET data. The specific surface areas obtained by BET were very low, less 
than 20m2g-1 for all samples. This can be compared to surface areas for activated 
carbon of greater than 1000m2g-1.  Figure 5.8 displays the pore size distribution 
results of the BJH analysis. Figure 5.6 displays the pore size distribution with respect 
to the number percentage of pores showing pore volume peaks for all samples at the 
pore sizes of ~5nm, ~15nm, ~27nm and ~42nm. Figure 5.7 displays the pore size 
distribution with respect to specific surface area showing significant surface area 
contribution from <10nm pores, and very minor contribution from pores >40nm in 
size. The instrument has a lowest measurement limit of 2 nm pore size, hence it is 
possible that smaller pores were present in the samples that would have offered the 
major contribution to the specific surface area. 
 
Sample 
number 
Initial  material feed composition Specific surface area m2g-1 
3 50%S 50%GNP 11.8 
13 10%CB 45%S 45%GNP 18.6 
21 0.15%MWCNT 50%S 50%GNP 15.9 
   
Table 5.2 Sample composition by mass and specific surface area from BET analysis of an 
undoped sample(3), and samples doped with carbon black (13) and multiwall carbon nanotubes 
(21). 
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Figure 5.6 Pore size distribution from BJH analysis in terms of number %. 
 
 
Figure 5.7 Pore size distribution from BJH analysis in terms of surface area. 
 
5.3.3. Impedance Spectrometry Results for the Supercapacitor Cells 
Impedance spectroscopy in the frequency range of 1 MHz to 10 mHz was carried out 
for EDLC supercapacitor cells with all types of electrode materials, Samples 1-23. 
The results are presented in the form of Nyquist plots, grouped into the different types 
of electrode materials. From these plots the following supercapacitor performance 
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indicators were derived for each cell and are presented in Figure 5.12: in series 
resistance, Rs, charge transfer resistance, Rct, representing the contact resistance 
between electrode and current collector, equivalent in series resistance, ESR taken as 
ESR = Rs + Rct, and electrode specific capacitance. 
 
Figure 5.8 Impedance spectrometry Nyquist plots for undoped Samples 1-5.  
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Figure 5.9 Impedance spectrometry Nyquist plots for 5 wt% carbon black doped Samples 6-10. 
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Figure 5.10 Impedance spectrometry Nyquist plots of 10 wt% carbon black doped Samples 11-
15. 
 
Figure 5.11  Impedance spectrometry Nyquist plots of 15 wt% carbon black doped Samples 16-
20.   
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Figure 5.12  Impedance spectrometry Nyquist plots for the 0.15 wt% multiwall carbon nanotube 
doped Samples 21, 22 and 23. 
 
The impedance spectrometry graphs above shows that all EDLC cells with S-cross-
linked GNP based electrodes demonstrate supercapacitor behaviour. The EDLC 
Sample 1 electrode (with the highest S at 3.77%S) exhibits the highest dissipation 
factor of 0.3 whereas the cell with electrode Sample 2 exhibits the lowest dissipation 
factor of 0.09. EDLCs based on electrodes of Samples 2-5 exhibit a total ESR in the 
range of 1.5-2.5 ohm  for the 4.5 cm2 EDLC cells tested which is very low given the 
large thickness of the electrode, similar to that of EDLCs based on activated carbon 
and 5 wt% carbon black coatings (Lei, Wilson and Lekakou 2011), ten times thinner 
than the electrodes of the present study. However, the electrode capacitances of this 
study at low frequency (10 mHz) are very low, about 1 Fg-1, compared to 20-60 Fg-1 
of similar EDLCs based on reduced graphitic oxide (Vermisoglou et al. 2015). This 
can be attributed to the very low BET pore surface area of the cross-linked graphene 
in this study which might be due to graphene platelets becoming closely stacked due 
to the cross-links. Sulfur has an atomic radius of 0.127 nm and mono- or di-sulfur 
bridges (Carotenuto et al. 2013) acting as cross-links would be of a length 0.15-0.3 
nm, bringing the GNPs close together so that the TEA+ (limiting size of 0.67 nm 
unsolvated) cannot impregnate the platelet stack. 
 74 
The cells with 10 wt% carbon black in their electrodes show some reduction in the 
ESR values but also lower specific capacitance. The coating Sample 15 has the 
highest content of S, 26 wt% S, and hence the highest extent of cross-linking, 
resulting in high areal density, very high ESR due to high charge transfer resistance 
derived from multiple semi-circles in the Nyquist plot, indicating microstructural 
inhomogeneities in the electrode material. The maximum electrode specific 
capacitance measured by impedance spectrometry is 2.07 Fg-1, exhibited by the cell 
based on electrodes of Sample 15, however this cell has a very high resistance of 30 
Ω. This sample has the highest sulfur content measured by EDX after annealing of 
25.6% by weight. The high resistance could be attributed to the low conductivity of 
elemental S8 sulfur molecules remaining in the material.  
Increasing the concentration of carbon black to 0.15 wt% does not bring any 
improvements in the EDLC cell performance. Addition of MWCNTs ensures low 
ESR resistance of the EDLC cells but not significantly lower than previous successful 
electrode materials. 
Sample No Specific electrode 
capacitance (Fg-1) 
ESR (Ω) Rs (Ω) Rct (Ω) 
1 0.93 1.60 1.05 0.55 
2 1.01 2.01 1.34 0.66 
3 1.00 2.39 1.31 1.08 
4 0.96 2.65 1.53 1.12 
5 0.99 1.46 1.04 0.41 
6 1.19 2.40 1.56 0.83 
7 1.06 2.12 1.35 0.77 
8 0.47 2.54 1.53 1.00 
9 1.67 1.75 1.12 0.63 
10 0.37 2.43 1.59 0.84 
11 0.72 1.61 0.98 0.63 
12 0.88 1.14 0.85 0.29 
13 0.73 1.36 0.81 0.55 
14 0.63 1.77 1.05 0.72 
15 2.07 6.91 2.77 4.14 
16 0.85 1.87 1.23 0.64 
17 0.85 1.96 1.24 0.72 
18 0.43 2.86 1.28 1.58 
19 0.69 1.82 1.24 0.57 
20 0.77 0.78 1.53 1.24 
21 0.54 1.70 0.96 0.74 
22 0.83 1.89 1.15 0.74 
23 0.90 1.96 1.14 0.82 
Specific capacitance per electrode (electrode-electrolyte interface), equivalent series resistance ESR 
(total), component series resistance Rs and component charge transfer resistance Rct. 
     
Table 5.3 Impedance Spectrometry Data 
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Figure 5.13 Impedance spectrometry Nyquist plots for representative Samples 3, 8, 13, 18, 21 and 
22. 
Figure 5.13 summarises the best representative EDLCs based on each category of 
electrode materials. Electrochemical testing shows that all S-cross-linked GNP 
material combinations without or with carbon black and MWCNTs when used as 
electrodes produce successful supercapacitors. Impedance spectrometry shows 
encouraging Nyquist plots although the specific capacitance is low, which can be 
explained by the low BET (specific pore surface area) of the cross-linked graphene 
electrodes. The highest specific capacitance from a successful cell is 1.67 Fg-1 with 
approximate ESR of 1.0 Ω and is obtained from electrode Sample 9. The electrode 
material had an initial material feed composition of 5 wt% carbon black, 52.25 wt% 
sulfur and 42.75 wt% GNPs, and was measured by EDX after annealing to have a 
final sulfur content of 1.7 wt%. The areal density of the electrode coating loading was 
measured to be 21.21 mgcm-2, the lowest of all samples. 
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5.3.4. Cyclic Voltammetry Results for the Supercapacitor Cells 
 
 
Figure 5.14 Cyclic voltammograms at (a) 0.1 V/s and (b) 10 V/s plots for undoped Samples 1-5. 
(a) 
(b) 
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Figure 5.15 Cyclic voltammograms at (a) 0.1 V/s and (b) 10 V/s plots for 5 wt% carbon black 
doped Samples 6-10. 
(a) 
(b) 
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Figure 5.16 Cyclic voltammograms at (a) 0.1 V/s and (b) 10 V/s plots for 10 wt% carbon black 
doped Samples 11-15. 
 
(a) 
(b) 
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Figure 5.17 Cyclic voltammograms at (a) 0.1 V/s and (b) 10 V/s plots for 15 wt% carbon black 
doped Samples 16-20. 
 
(a) 
(b) 
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Figure 5.18 Cyclic voltammograms at (a) 0.1 V/s and (b) 10 V/s plots for 0.15 wt% multiwall 
carbon nanotube doped Samples 21, 22 and 23. 
 
 
 
 
(a) 
(b) 
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The cyclic voltammograms above present the cyclic voltammetry (CV) plots in the 
range of 0 to 3 V at two rates, 0.1 and 10 V/s, for all EDLC tested cells with electrode 
materials Sample 1-23. Table 5.4 presents the derived values of the maximum 
electrode specific capacitance and the tested high discharge current density based on 
the electrode mass. The specific electrode capacitance values reported from the CV 
plots at 0.01 V/s are higher than those derived from the Nyquist plots as the rate of 
charge-discharge is slower than the lowest test frequency of 10 MHz in the impedance 
spectroscopy of this study. Sample 2 and Sample 9 result in the highest electrode 
specific capacitance around 18 F/g, with initial material feed compositions of (45% S, 
55% GNP) and (5% CB, 52.25% S, 42.75% GNP), respectively. Figure 5.15 shows 
the CV curves of EDLCs with representative electrode materials. Strong redox peaks 
can be seen after 2.5 V in the CV plots at 0.01 V/s, which can be attributed to the 
oxygen groups of GNPs (originating from graphitic oxide) with detected elemental 
oxygen concentrations up to 3.3 wt% in the electrode coatings. 
Sample No Maximum electrode specific 
capacitance (F/g) 
Maximum discharge current 
density (A/g) 
1 7.55 0.20 
2 18.35 0.68 
3 11.40 0.80 
4 1.91 0.04 
5 14.81 0.42 
6 15.26 0.44 
7 11.50 0.57 
8 8.14 0.23 
9 18.10 2.02 
10 10.10 0.48 
11 3.46 0.06 
12 3.46 0.10 
13 4.62 0.22 
14 4.58 0.19 
15 4.40 0.09 
16 2.78 0.10 
17 5.52 0.25 
18 4.49 0.16 
19 2.45 0.09 
20 3.64 0.13 
21 10.47 0.10 
22 7.55 0.14 
23 8.21 0.09 
Specific capacitance per electrode (electrode-electrolyte interface). Maximum current 
density required to achieve desired dV/dt. 
   
Table 5.4 Cyclic voltammetry data 
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Figure 5.19 Cyclic Voltammetry curves for EDLCs with representative electrode materials at (a) 
0.01V/s and (b) 10V/s. 
 
5.3.5. Galvanostatic Charge-Discharge Results for the Supercapacitor Cells 
Galvanostatic charge-discharge curves at medium currents are shown for all EDLC 
cells, grouped on the basis of their electrode material, in Figures 5.16-5.20. 
Galvanostatic charge discharge data shows that supercapacitors using sulfur 
crosslinked graphene electrodes can function as energy storage devices. High voltage 
drop off is observed in all samples, which is indicative of high internal resistances in 
the cells. Using the relation V=IR this voltage drop off can be expressed as a 
discharging internal resistance. Table 5.5 presents the derived values for the 
performance indicators of the tested supercapacitors. The charge-discharge curves in 
Figures 5.16-5.20 are highly non-linear, with a hyperbolic region after the IR drop 
indicating significant ion diffusion contributions through a cascade of pore sizes, and 
a last high capacitance slope towards the end of the discharge or charge phase. The 
maximum electrode specific capacitance values in Table 5.5 have been calculated 
from that last region of the discharge phase and, hence are significant higher than the 
corresponding average capacitance values derived from the CV plots (Table 5.4) and 
certainly higher than the specific electrode capacitance values derived from the 
impedance spectroscopy data at 10 mHz (Table 5.3). 
(a) (b) 
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Figure 5.20 Galvanostatic charge discharge plots of supercapacitor cells with electrode coatings 
undoped Samples 1-5. 
 
Figure 5.21 Galvanostatic charge discharge plots of supercapacitor cells with electrode coatings 5 
wt% CB doped Samples 6-10. 
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Figure 5.22 Galvanostatic charge discharge plots of supercapacitor cells with electrode coatings 
10 wt% CB doped Samples 11-15. 
 
 
Figure 5.23 Galvanostatic charge discharge plots of supercapacitor cells with electrode coatings 
15 wt% CB doped Samples 16-20. 
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Figure 5.24 Galvanostatic charge discharge plots of supercapacitor cells with electrode coatings 
MWCNT doped Samples 21-23. 
 
Sample 
Number 
Minimum 
internal  
discharge 
resistance (Ω) 
Maximum 
electrode specific 
capacitance (Fg-1) 
Maximum tested 
specific energy 
(Whkg-1) 
Maximum 
tested specific 
power (kWkg-1) 
Maximum 
tested current 
density (A/g) 
1 4.71 48.07 0.67 0.15 0.62 
2 4.14 38.83 0.86 0.24 0.66 
3 4.02 31.40 0.78 0.26 0.75 
4 20.24 7.38 0.14 0.06 0.15 
5 9.68 146.33 1.21 0.14 0.42 
6 7.28 102.62 1.82 0.15 0.30 
7 8.68 44.98 1.37 0.15 0.35 
8 7.33 38.17 0.86 0.08 0.14 
9 3.49 131.09 5.79 0.37 0.39 
10 3.84 28.66 0.95 0.11 0.12 
11 33.75 52.63 1.68 0.03 0.06 
12 5.57 18.61 0.82 0.18 0.25 
13 13.23 51.09 2.34 0.09 0.14 
14 5.26 14.36 0.80 0.20 0.25 
15 11.68 21.47 0.77 0.05 0.09 
16 11.55 32.93 0.94 0.06 0.13 
17 10.41 44.12 2.17 0.17 0.29 
18 12.02 85.58 1.36 0.14 0.29 
19 11.24 15.33 0.64 0.08 0.10 
20 11.68 38.95 1.08 0.08 0.11 
21 12.55 52.38 0.73 0.06 0.16 
22 10.21 27.59 1.47 0.09 0.18 
23 10.43 11.64 1.03 0.10 0.19 
Internal discharge resistance calculated from discharge voltage drop off. Specific capacitance per 
electrode (electrode-electrolyte interface). Quoted specific power is the maximum discharging power 
sustained for 10% of the discharge time. 
      
Table 5.5 Charge discharge test data 
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Figure 5.25 Ragone plots from the discharge phase of the galvanostatic charge discharge data, 
for undoped samples 1-5. 
 
Figure 5.26 Ragone plots from the discharge phase of the galvanostatic charge discharge data, 
for 5 wt% CB doped samples 6-10. 
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Figure 5.27 Ragone plots from the discharge phase of the galvanostatic charge discharge data, 
for 10 wt% CB doped samples 11-15. 
 
 
Figure 5.28 Ragone plots from the discharge phase of the galvanostatic charge discharge data, 
for 15 wt% CB doped samples 16-20. 
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Figure 5.29 Ragone plots from the discharge phase of the galvanostatic charge discharge data, 
for 0.15 wt% MWCNT doped samples 21, 22 and 23. 
Ragone plots (cell specific energy versus cell specific power with respect to the total 
electrodes mass) were derived from the discharge phase of the galvanostatic charge-
discharge data at different currents for all tested samples.  
The maximum power density documented is 0.255kWkg-1, demonstrated by sample 3 
which recorded a lowest internal resistance through constant current discharge of 4 Ω. 
The electrode material had an initial composition of 50% sulfur and 50% GNPs, and 
was measured by EDX after annealing to have a final sulfur content of 1.47% by 
weight. Its material loading was measured to be 37.121 mgcm-2, one of the lower 
values for all cells. 
The maximum specific energy recorded is 5.79Whkg-1, exhibited by sample 9 which 
recorded a lowest internal resistance through constant current discharge of 3.5 Ω. The 
electrode material had an initial composition of 5% carbon black, 52.25% sulfur and 
42.75% GNPs, and was measured by EDX after annealing to have a final sulfur 
content of 1.7% by weight. Its material loading was measured to be 21.21 mgcm-2, the 
lowest of all samples. Sample 9 also demonstrated the highest specific capacitance of 
1.67Fg-1 through impedance spectroscopy.  
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5.4. Flexural Three Point Bend Results 
Sample Number Maximum flexural 
modulus (MPa) 
Maximum flexural 
stress (MPa) 
Maximum flexural 
strain (mm/mm) 
4 2 0.0114 0.0053 
5 0.9 0.0030 0.0047 
7 2.5 0.0111 0.0068 
8 0.4 0.0003 0.0004 
9 2.7 0.0114 0.0058 
10 2.1 0.0100 0.0066 
21 37.1 0.2448 0.0131 
Flexural modulus, strength and strain at failure of all samples able to be tested. 
 
Table 5.6 Flexural three point bend test data 
 
Figure 5.30 Flexural three-point bend test data for successful samples 4, 5, 7, 8, 9, 10 and 21. 
Figure 5.30 presents the flexural stress-strain curves of tested electrode specimens in 
three-point bend test and Table 5.6 summarises the mechanical properties of the 
specimens derived from these tests. Three-point bend testing of sample electrodes 
gave low stress and strain results. The highest modulus was displayed by sample 21 
with 0.15 wt% MWCNTs: this was 37 MPa, as for a stiff rubber. The rest of the 
samples displayed the flexibility of elastomers. The maximum flexural stress recorded 
was 0.245 MPa, and the maximum flexural strain 0.0131mm/mm, both by sample 21. 
This was the 0.15% MWCNT doped sample, with 50% sulfur and 50% GNP initial 
composition, measured to have a sulfur content after annealing of 20%. This flexural 
stress of 0.245 MPa does not compare favourably to mild steel (~155 MPa), acrylic 
polymer (~75 MPa), or polypropylene polymer (~40 MPa). Indeed, this best 
performing material in this study is 2-3 orders of magnitude below the flexural 
properties required to be considered a structural material. 
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5.4.1. Comparative Electrochemical Results for EDLCs based on Sulfur 
Graphene Electrode from MWGO graphene supplied by NCSR Demokritos 
To provide comparison for the surface area of the tested graphene, alternative  
MWGOGS1 graphene was used, provided by NCSR Demokritos (Greece). As only a 
small amount of material was available for testing, one composition mixture of 45% 
GNP, 45% S, 10% CB and 0.15% MWCNT of initial feed materials was processed. 
The castings were made using the same process as with the graphene from Angstron 
Materials, annealed in a vacuum oven to leave an approximately 1mm deep solid 
coating for use as a supercapacitor electrode. EDLC supercapacitor cells of 4.5 cm2 
area were made as before and tested electrochemically.  
Figure 5.31 shows the impedance spectrometry data for the fabricated EDLC cells 
from which a specific capacitance of 13.7 Fg-1 was derived, an order of magnitude 
greater than for any of the cells with electrodes derived from the GNPs supplied by 
Angstrom Materials (USA). However, the ESR demonstrated by the Demokritos 
graphene is shown to be ~10.7 Ω, 5-10 times higher than for the cells with electrodes 
derived from the GNPs supplied by Angstrom Materials (USA). Figure 5.32 shows 
the galvanostatic charge discharge data from the Demokritos graphene sulfur 
crosslinked EDLC. 
 
Figure 5.31  Nyquist plot of EDLC cell with S-cross-linked graphene electrodes of areal density of 
21mgcm-2 and initial material feed composition of 45%MWGO, 45%S, 10%CB and 
0.15%MWCNT where the MWGO material was supplied by NCSR Demokritos (Greece). 
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Figure 5.32  Galvanostatic charge-discharge plot of EDLC cell with S-cross-linked graphene 
electrodes of areal density of 21 mgcm-2 and initial material feed composition of 45% MWGO, 
45% S, 10% CB and 0.15% MWCNT where the MWGO material was supplied by NCSR 
Demokritos (Greece). 
 
 
Figure 5.33 Ragone plot of  EDLC cell with S-cross-linked graphene electrodes of areal density of 
21 mgcm-2 and initial material feed composition of 45% MWGO, 45% S, 10% CB and 0.15% 
MWCNT where the MWGO material was supplied by NCSR Demokritos (Greece). 
 
 92 
Figure 5.33 presents the Ragone plot of the EDLC cell with electrodes derived from 
MWGO from NCSR-Demokritos, where the EDLC shows a specific power of the 
same order as the EDLC with electrodes derived from the Angstron material, with a 
maximum of 0.35kWkg-1. The specific energy of the EDLC with electrodes derived 
from MWGO from NCSR-Demokritos is higher than that of the EDLC with 
comparable Angstron electrodes, with a maximum of 7.1Whkg-1.  
5.4.2. Electrochemical Results for EDLCs based on Thin Sulfur Graphene 
Electrode Coatings 
To provide a thorough comparison with supercapacitors in the literature which have 
much thinner electrode coatings (10-40 times thinner than in this study so far), the 
best performing mixture of 45% GNP, 45% S, 10% CB and 0.15% MWCNT was 
used to fabricate a thin cast coating on aluminium carbide whisker foil (to investigate 
maximum capacitance at the expense of any structural property), and to also 
manufacture both structural and thin castings using the Demokritos MWGOGS1 
graphene. 
This thin coating was made by using a “doctor blade” coater with a 120 µm gap, 
which deposits a set thickness of material slurry directly onto a substrate, in this case 
the aluminium carbide whisker foil. The coatings were then annealed using the same 
vacuum oven process as the thicker structural castings. Both coatings had a material 
loading of ~0.2 mg/cm2. The fabricated EDLCs had a cell area of 4.5 cm2 same as 
with the thick coatings. 
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Figure 5.34 Nyquist plots of EDLC cells with 0.2 mg/cm2 thin coating electrodes derived from 
Angstron and Demokritos graphenes. 
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The Nyquist plots above show data collected from the cells with thin coatings derived 
from the two different graphene materials. The Angstron graphene-derived thin 
coating resulted in an electrode specific capacitance of 7.4 F/g and a cell ESR of 1.25 
Ω, and the Demokritos graphene-derived thin coating resulted in an electrode specific 
capacitance of 16.7 F/g and a cell ESR of 4.2 Ω. This implies that the Demokritos 
graphene has large specific pore surface area which raises the capacitance but also the 
resistance as it is a more porous material. On the other hand, the Angstron graphene 
consists really of graphitic platelets with lower resistance but also lower capacitance 
due to their smaller specific pore surface area. 
 
Figure 5.35 Galvanostatic charge-discharge plots of EDLC cells with 0.2 mg/cm2 thin coating 
electrodes derived from Angstron and Demokritos graphenes. 
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Figure 5.36 Ragone plots from the discharge phase of galvanostatic charge discharge data for  
EDLC cells with 0.2 mg/cm2 thin coating electrodes derived from Angstron and Demokritos 
graphenes. 
The Ragone plot data above demonstrates that the EDLCs with thin electrode coatings 
reach one order of magnitude higher power densities than those made with thick 
electrode coatings. It also shows that the Angstron graphene resulted in a maximum 
specific energy of 6.1 Whkg-1 and a maximum specific power of 8.5 kWkg-1, while 
the Demokritos graphene resulted in a maximum specific energy of 4.1 Whkg-1 and a 
maximum specific power of 7.7 kWkg-1. 
This combined with the impedance data shows that although the Demokritos graphene 
yielded a higher specific capacitance by over a factor of 2, the Angstron graphene 
produced marginally higher specific energy and power storage, which can be 
attributed to its lower ESR. It should also be noted that the impedance plot for the cell 
based on the Angstron graphene indicates a secondary resistive regime at high 
frequencies, which would negate the low resistance of 1.25 Ω exhibited at low 
frequencies. This is further confirmed by comparing the voltage drop under 
galvanostatic charge-discharge of the cells based on the two types of graphene, where 
the Angstron graphene shows an order of magnitude higher drop due to internal 
resistance than the Demokritos material. 
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5.5. Concluding Remarks 
A novel method for the manufacture of a structural graphene supercapacitor electrode 
has been presented using sulfur mixed with graphene. Combining GNPs with 
elemental sulfur was shown to produce a semi-structural and conductive material with 
some pore surface area for use in supercapacitors, although not the high values 
observed in uncrosslinked graphene. BET analysis showed a specific pore surface 
area of 11.9 - 18.6 m2g-1 for representative samples. The material was shown to have 
flexural strength of ~0.01MPa, and maximum flexural stress of 0.2448 MPa when 
doped with MWCNTs.  Its flexural modulus approaches that of rubbers, with the 
highest value of 37 MPa for the material doped with MWCNTs. 
Different initial concentrations of graphene-sulfur were shown to be difficult to 
maintain through the annealing/crosslinking process, with EDX analysis showing 
typically 1-2% sulfur remaining for undoped samples and those doped with 5% 
carbon black. Sulfur content after annealing is typically higher in samples doped with 
10% and 15% carbon black, and a sample doped with 0.15% MWCNTs. This may be 
due to sulfur bonding more easily with carbon black and MWCNTs than GNPs. The 
effects of these variables on the performance of the graphene-sulfur as a 
supercapacitor electrode were shown to be minimal. Impedance spectrometry and 
galvanostatic charge-discharge testing showed little variance across all samples in 
mean specific capacitance, energy density and power density. One cell did perform 
better than the others in both specific capacitance and energy density, however this 
can be attributed to it having the lowest material loading of 21.21 mgcm-2. This cell, 
sample 9, had an electrode composition in terms of initial material feed of 5% carbon 
black, 52.25% sulfur and 42.75% GNPs, and was measured by EDX after annealing 
to have a final sulfur content of 1.7 wt%. It displayed an energy density of 5.79Whkg-
1, and a mean electrode specific capacitance of 1.67 Fg-1. The highest power density 
recorded was 0.46 kWkg-1, demonstrated by sample 9. Next was sample 3 with 0.25 
kWkg-1. The electrode material had an initial material feed composition of 50% sulfur 
and 50% GNPs, and was measured by EDX after annealing to have a final sulfur 
content of 1.47 wt%. The areal density of the electrode coating was measured to be 
37.12 mgcm-2, again one of the lower values for all cells. 
These electrochemical results show that the areal density of the supercapacitor 
electrodes affects the specific capacitance, energy density and power density more 
than varying the chemical composition. Adding MWCNTs gave a notable increase in 
the flexural modulus and strength of the material, but the values were still much 
below those required for structural applications.  
Comparable testing with an alternative graphene from NCSR Demokritos (Greece) 
yielded similar results. The highest cell energy density was observed to be 7.1 Wh/kg, 
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and the highest cell power density 0.35 kWkg-1, both of which are similar to results 
obtained using the Angstron graphene, although the specific energy is a little higher. 
All of the results in this chapter lead to the conclusion that a reproduction of truly 
“cross-linked” sulfur-graphene, as described by Carotenuto et al. was not achieved. 
Furthermore, the lack of agreement in the work carried out here leads to the assertion 
that rather than chemical crosslinking, the bonding of the GNPs is more likely 
achieved by remnant sulfur (not evaporated by the high preparation temperature) 
melting, and then freezing upon cooling to form an amorphous solid which 
mechanically binds the GNPs together.  
When pursuing purely high electrochemical performance, thin coatings cast directly 
onto aluminium carbide whisker foil provided good energy storage characteristics, but 
without any structural features. These show the clear advantage of the thin electrodes 
in power performance, as thin electrodes are able to charge and discharge much faster 
than the thicker electrode coatings. Interestingly the specific energy storage for these 
cells is lower than for a thick electrode casting. This shows that the thicker structural 
casting, with more available surface area for ion access, can store marginally more 
charge per unit mass of electrode material. Conversely, the thin coatings with higher 
electrode conductivity enable fast charge and discharge, high power delivery, and 
higher specific capacitance.  
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6. Structural Current Collectors; Supercapacitor 
Honeycomb Core Composite Sandwich Panels 
6.1. Introduction 
The novel concept developed in this chapter involves aluminium honeycomb cores in 
sandwich panels in which the aluminium sheet is used as current collector in 
supercapacitors sandwiched within the honeycomb. The activated electrode material 
used in supercapacitor manufacture requires a current collector backing to provide 
good circuit conductivity to the charge storage sites. In the commercial and research 
manufacture, aluminium foils are used extensively as current collectors in 
supercapacitors. Here are presented methods that have been developed in this project 
for using this aluminium foil as a structural component within a structural 
supercapacitor honeycomb core.  
6.2. Concept 
The simplest and most obvious method for using supercapacitor current collectors in a 
structural fashion would be to increase their thickness to a level comparable to any 
mechanical use i.e. using aluminium castings/forgings rather than foils. This however 
would save negligible weight compared to any existing energy storage device 
installed within a casing of such materials. Therefore a novel design approach was 
developed in this project to use thin aluminium foil current collectors as load-bearing 
components within sandwich panel composite beams.  
Sandwich panels, and specifically honeycomb structured sandwich panels, provide 
high rigidity with minimal weight, at the expense of volume. They are used when 
high specific stiffness and strength are required, such as in aerospace, automotive, or 
marine applications. Typical commercial honeycomb panels use aluminium foils to 
form an array of regular hollow cells, typically columnar, sandwiched between two 
high stiffness glass fibre reinforced polymer face sheets. 
Honeycomb sandwich composite panels provide an efficient method of using a 
minimal amount of material to achieve a desired stiffness and strength, reducing 
weight and cost. In this project, it is proposed to embed supercapacitors within the 
panel by using the vertically stacked sheets of aluminium foil as current collectors. 
Where the foils meet and would typically be bonded together in commercial 
honeycombs, it is proposed to integrate sealed supercapacitor cells to store electrical 
energy. 
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6.3. Structural Honeycomb Design 
6.3.1. Cellular Solids 
Cellular solids are vertices (v), joined by edges (e), surrounding faces (f), which 
enclose cells (c). Euler’s law states that – c + f – e + v = 1, for a solid in three 
dimensions. (Garrison 2005). The number of edges, which meet at a vertex, ze, and 
the number of faces, which meet at an edge zf, both equal 3 for a regular hexagonal 
honeycomb (Gibson and Ashby 1988).  Figure 6.1 and 6.2 present the geometrical 
parameters of a regular hexagonal honeycomb and the system of coordinates used in 
the present analysis (Figure 6.2). 
Honeycomb sandwich panels, when used in structural systems, are typically stressed 
and deformed out of plane. The panels are stiff and strong when loaded along the cell 
axes, and under compression the linear-elastic regime is truncated by buckling (plastic 
deformation in metals). In shear – as a sandwich panel is subjected to bending – the 
initial linear-elastic deformation involves significant axial or shear deformation of the 
cell walls.  
 
Figure 6.1 A 2-dimensional representation of a unit cell of a hexagonal honeycomb cellular solid. 
Side lengths a=b=c=lcell, 2d=lcell, and wall thickness = t. The angular deflection of the walls is 
±60°. The unit cell itself comprises a box of dimensions 3lcell ×√3 lcell.  
 
d 
lcell 
√3 lcell 2tcell 
a            c 
b 
3lcell 
ϑ=30° 
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Figure 6.2 A 3-dimensional rendering of a honeycomb cellular solid of regular polygon cells 
where h is the depth of the cells in the transverse direction, and the (X1, X2, X3) system of 
coordinates. 
The apparent Young’s moduli in the X1 and X2 directions of a regular polygon cell 
honeycomb of homogeneous wall thickness t are given by the following equations, 
respectively (Gibson and Ashby 1988).   
!!∗!! = !"#!!!!"#! !"#!! !!"##!!"## !       (6.1) 
!!∗!! = !!!"#$!"#!! !!"##!!"## !        (6.2) 
For a regular hexagonal honeycomb (ϑ=30°), 𝐸!∗ =  𝐸!∗, given by: 
!!∗!! = !!∗!! = 2.3 !!"##!!"## !        (6.3) 
The apparent Young’s modulus in the out of plane, X3 direction of the regular 
polygon cell honeycomb of homogeneous wall thickness t, within a sandwich panel, 
can be approximated by simply expressing the Young’s modulus of the constituent 
solid Es, scaled for the density of the load-bearing section (Gibson and Ashby 1988).  
!!∗!! = !! !!!"#! !"#! !!"##!!"## = !∗!!      (6.4) 
Where ρ* is the apparent density of the cellular core and ρs is the density of its 
constituent solid. Further, for regular hexagons 
!! !!!"#! !"#! = 1.15        (6.5) 
h 
lcell 
X1 
X2 
X3 
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Therefore 
!!∗!! = !∗!! ≈ !!"##!!"##         (6.6) 
Defining the cell walls within a honeycomb along the X2 direction, the apparent out-
of-plane shear moduli 𝐺!"∗ , 𝐺!"∗   can be described as 
!!"∗!! ≤ !"#!!!!"#! !!"##!!"##         (6.7) 
!!"∗!! ≤ !! !!! !"#! !!!!"#! !"#! !!"##!!"##        (6.8) 
As regular hexagons are isotropic in the (X1, X2) plane, the above two equations 
reduce to 
!!"∗!! = !!"∗!! = 0.577 !!"##!!"##        (6.9) 
 
6.3.2. Three-point bend test of a sandwich panel with a cellular core 
A sandwich beam consisting of face skins sandwiching a cellular core is considered to 
be subjected to three-point bend test, as is presented in Figure 6.3 together with a 
general system of coordinates (x, y, z). The honeycomb core is placed is such a way 
that its main directions X2, X1, X3 (Figure 6.2) correspond to the general x, y, z 
directions in Figure 6.3. 
The maximum deflection δ during a three-point bend test with a central load P can 
then be expressed as the sum of bending and shear deflections, respectively, as is 
given in the following relation: 
𝛿 = !!!!! !" !" + !"!! !" !"       (6.10) 
Where (EI)eq and (AG)eq are the equivalent flexural rigidity and shear rigidity, 
respectively, of the sandwich beam, and B1 and B2 are constants depending on the 
loading boundary conditions (for simply supported beams: B1 = 48 and B2 = 4; for 
clamped beams: B1 = 192 and B2 = 4). 
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Figure 6.3 A 2 dimensional representation of a sandwich panel set in a three-point bend test, 
where P is the applied load in the test, L is the length of the span in the test, tface is the thickness of 
the face panel in the composite, c is the core thickness, and d is the total thickness of the panel, c 
+ t.  The width of the panel is identified by the parameter w. 
 
Considering the cellular core as a homogenous and isotropic low density material, the 
apparent Young’s and shear moduli of the core, Ec* and Gc* respectively, can be 
expressed as follows using equations for open-cell foams (Gibson and Ashby 1988). 
𝐸!∗ =  𝐶!𝐸! !!∗!! !        (6,11) 
𝐺!∗ = 𝐶!𝐸! !!∗!! !        (6.12) 
Where C1 ≈ 1 and C2 ≈ 0.4 after fitting these equations to data for various open-cell 
foams (Gibson and Ashby 1988). 
When d ≈ c (very thin faces relative to the core depth), the equivalent flexural rigidity 
(EI)eq and the equivalent shear rigidity (AG)eq can be estimated using the following: 
(𝐸𝐼)!" ≈ !!!!!"#$!!!         (6.13) (𝐴𝐺)!" ≈ 𝑤𝑐𝐺!∗        (6.14) 
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6.3.3. Optimum Design of a Sandwich Panel 
The sandwich panel is considered to have a cellular core and is designed subject to a 
stiffness constraint during a three-point bend test with a central load: 
1. Formulate the objective function for the weight W of the beam which must be 
minimised. 𝑊 = 2𝜌!𝑔𝑤𝐿𝑡!"#$ + 𝜌!∗𝑔𝑤𝐿𝑐      (6.15) 
where g is gravitational acceleration. 
2. Formulate the stiffness constraint to a specified set value. 
!! = !!!!!!!!!!"#$!! + !!!!"!!∗       (6.16) 
3. Solve the stiffness constraint for one variable (eg. ρc*) where (δ/P) is set to a 
specified value. 
𝜌!∗ = !!!!!! !!!! !!!"#$!!!!!!"#$!!!! !! !!!! !! 𝜌!     (6.17) 
4. Substitute into the objective function and form ∂W/∂c = 0 and ∂W/∂tface = 0 to 
minimise W with respect to core thickness, c, and honeycomb skin thickness, tface, and 
solve to give optimum core thickness, face thickness, and core density. 
!! !"# = 4.3 !!!!!!! !!!! ! !!!!! !!" !!      (6.18) 
!!"#$! !"# = 0.32 !!!!!!!!! !!!! ! !!!!!! !!" ! !!    (6.19) 
!!∗!! !"# = 0.59 !!!!!!!! !!!! !!!!! !!" ! !!      (6.20) 
Where the following constants of proportionality apply for a three point bend test with 
a central load P: B1 = 48, B2 = 4, C1 ≈ 1 and C2 ≈ 0.4. This therefore gives a 
mathematical model predicting optimum core thickness, face thickness and core 
density, as functions of desired design stiffness (δ/P), material properties, and loading 
geometry. 
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When building a sandwich panel, there are certain practical limitations when selecting 
materials for construction, in particular material properties. This leaves a narrow 
range of optimum face and core thicknesses to select from, with apparent core density 
as the remaining variable for optimisation. This core density is then dependent upon 
the materials chosen to construct it. In this case the aluminium foil building the 
honeycomb has known material properties, and a small selection of cell thicknesses to 
choose from commercially. This leaves the cell side length, lcell, as the variable to 
determine using the mathematical model. 
6.3.4. Determining the Optimum Apparent Density of a Honeycomb 
To use the optimum apparent density obtained from the model, an expression for the 
apparent density of a physical honeycomb must be formulated. On the basis of Figure 
6.1 and assuming for the single wall thickness, tcell, that tcell<<lcell, the apparent 
density of the honeycomb core is given by 𝜌!∗ ≈ !!!!!"##!!"##! ! !!"##!         (6.21) 
An approximate optimum cell length, lcell, can then be expressed as a function of the 
optimum apparent density of the honeycomb, and the aluminium foil’s material 
properties, as follows 
𝑙!"## ≈ ! !!  !!!!"##!!∗         (6.22) 
More accurately, for a system where tcell is not  ≈ 0 when compared to lcell, the 
apparent density can be expressed as 𝜌!∗ = !!!!!"##!!"##! ! !!"##! !!!!"##! ! !"! ! !!"##!!"##      (6.23) 
And therefore the cell length can be expressed definitively by 
𝑙!"## = !!! ! !!∗  ± −𝑡! 24 3 𝜌!∗! − 147𝜌!∗! + 16 3 𝜌!∗𝜌! + 192𝜌!∗𝜌! − 64𝜌!! +3 𝜌!∗𝑡!"## + 12𝜌!∗𝑡!"## − 8𝜌!𝑡!"##       (6.24) 
And this can reasonably be reduced to 
𝑙!"## = ! !!" !!∗  ± −𝑡! 147− 24 3  𝜌!∗! + 192+ 16 3 𝜌!∗𝜌! − 64𝜌!! +12+ 3  𝜌!∗𝑡!"## − 8𝜌!𝑡!"##       (6.25) 
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6.3.5. Strength of Sandwich Structures with a Cellular Core 
There are four failure modes for a sandwich composite panel: yield/fracture of faces, 
wrinkling/buckling of the faces, core failure through shear/buckling, and debonding 
of the skin from the core (brittle fracture). These are briefly described below. 
Face yielding occurs when normal stress in the face reaches the strength of the face 
material, σyf. For a three point bend test with a central load P and constant of 
proportionality B3=4, the load for face yielding is given by the relation: 𝑃 = 𝐵!𝑤𝑐 !!"#$! 𝜎!"        (6.26) 
Face wrinkling occurs when normal stress in the compressive face reaches the local 
instability stress. The load then can be expressed as 
𝑃 = 0.57𝐵!𝑤𝑐 !!"#$! 𝐸!!! 𝐸!!! !!∗!! !!      (6.27) 
Core failure occurs in cellular solids with a plastic yield point when stresses satisfy 
the yield criterion. With an idealized homogenous cell diameter l*, initial crack size 
2a, cell wall fracture strength σfs, and core yield strength σys, core shear occurs for a 
load expressed by 
𝑃 = 𝐶!!𝐵!𝑤𝑐𝜎!" !!∗!! !!       (6.28) 
and core fracture occurs for a load expressed by 
𝑃 = 𝐶!𝐵!𝑤𝑐𝜎!" !!∗!! !! !∗!        (6.29) 
Where C8 and C11 are constants of proportionality. Failure of the adhesive bond 
between the panel face and core occurs when one of a number of things happen. 
Adhesives are generally stronger than the core itself and typically fail when an 
existing crack-like defect is present. For adhesive toughness Gc, the failure load at 
debonding can be described as 
𝑃 = 𝐵!𝑤𝑐 !!"#$! !!!!!!"#$        (6.30) 
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6.3.6. Calculations of the Honeycomb Sandwich Dimensions for a Practical 
Example 
Using the aforementioned model and equations (6.18)-(6.20), an optimum design of a 
honeycomb sandwich panel for practical testing can be formulated and its properties 
predicted. Due to the inter-reliance of the terms within the model, iterations are made 
to refine a set of desirable quantities.  
Firstly, assessing the stiffness constraint requires assigning the testing parameters. For 
an assumed three-point bend test, to ASTM.D790 standard, a span of 0.2 m was set to 
withstand a load of 1 kN with deflection of 1mm. For a honeycomb in this 
investigation, the faces of the panel were assumed to be glass reinforced polymer of 
1mm thickness, 1850 kgm-3 density, and with a Young’s modulus of 17 GPa. 
The model predicted an optimum core depth c of ~59 mm for such a test; while this is 
an acceptable and achievable thickness, this depth would be impractical in any device 
requiring energy storage. Therefore it was reduced by 50% to 30 mm when 
proceeding to the next stage of optimization, so that the predicted panel may be closer 
to a practically deliverable product. 
Using this core thickness, the optimum apparent density of the core was forecast to be 
~124 kgm-3. This density was then used to calculate the desired cell side length for a 
hexagonal honeycomb, ~21 mm.  Such a cellular solid core, within a composite panel, 
would be expected to have a Young’s modulus of 314 MPa, and a shear modulus of 
59 MPa. Both of these values compare favourably with solid polymers such as 
polyethylene and polypropylene, and are as expected for inclusion in a cellular solid 
sandwich panel. 
For construction of a practical panel, using 200 micron thick aluminium foil, optimum 
core thickness is of the order of 3-6 cm, and optimum side length for hexagons 
(through optimum density), is about 2 cm. 
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6.4. Materials and Experimental Methods 
6.4.1. Materials 
This series of experiments focussed on using the aluminium current collectors of 
supercapacitors as the load bearing internal component of a composite sandwich 
panel. Therefore many of the materials used are the same as those used in commercial 
supercapacitor fabrication, with additional composite skins. 
Current Collectors 
AL000612 aluminium foil supplied by Goodfellow Cambridge Ltd was used as current 
collector and structural core material in the low-density honeycomb sandwich panels. 
The foil was 200 µm in thickness, and cut to the desired dimensions using a metal 
cutting press. 
 
Electrode 
Activated Charcoal was used as the primary electrode material (90%wt), doped with 
5%wt carbon black, both supplied as powders by Sigma Aldrich. This dry mixture 
was combined with 5 %wt SBR (styrene-butadiene rubber) binder, a hydrophilic 
polymer supplied by MTI Corporation, which was then dispersed into de-ionised 
water. This aqueous slurry was coated onto the current collectors and dried to give the 
conductive high surface area electrode. 
Separator 
TF4060 Electric Double Layer Capacitor Separator, manufactured by Nippon 
Kodoshi Corp. was used as a porous dielectric separator. A cellulose paper, it has a 
stated thickness of 60 µm, and measured to have a density of approximately 2.5 
mg/cm2. 
Electrolyte 
TEABF4 (Tetraethyl Ammonium Tetrafluoroborate) was dissolved at 1 M in PC 
(propylene carbonate), both supplied by Sigma Aldrich.  
Structural Skins 
Glass fibre reinforced polymer laminates were fabricated to use as the outer skins of 
the composite sandwich panels. 5 harness satin weave glass fibre supplied by 
Fothergill Engineered Fabrics Ltd was used as the fibre reinforcement, with a two-
ply layup at 0° and +90°. The continuous polymer matrix was made as follows: 
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• 100 parts Epoxide Resin SER 300 supplied by Kömmerling UK Ltd, (bisphenol 
“A”-epichlorohydrin). 
• 60 parts Epoxy embedding medium, hardener MNA supplied by Sigma 
Aldrich, (methyl-5-norbornene-2,3-dicarboxylicanhydride). 
• 4 parts Ancamine K61B curing agent, supplied by Air Products Chemicals 
Europe, (2-ethylhexanoic acid, compound with 2,4,6-
tris[(dimethylamino)methyl]phenol). 
To bond these outer skins to the core materials, structural adhesive 3M Scotch-Weld 
DP490 was used, supplied by 3M.  
6.4.2. Material Processing and Fabrication Methods 
To produce a low-density sandwich panel incorporating supercapacitor technology, 
the commonly used aluminium honeycomb core panel design has been chosen.  A 
honeycomb core is typically fabricated through a two-stage process. The first stage is 
to adhere at regular intervals a stack of aluminium strips, with the welds equal to 1/3 
the length between the welds. Step two is to then expand the welded stack, pulling the 
non-bonded sections apart into honeycombs (Bitzer 1997). 
Early prototypes in this project attempting to use supercapacitors in honeycomb 
composites relied on bending a fully formed cell, within its casing, back and forth. 
Two of these bent cased cells would then be bonded together to form a length of 
hexagonal unit cells, and so on to form a honeycomb core. This method yields 
acceptable electrochemical properties, but due to the iterations of casing material the 
system becomes gravimetrically inefficient. Therefore a method of constructing a 
caseless supercapacitor was sought.  
In a typical cell, the casing material prevents the leaking of electrolyte, and insulates 
the electrodes from external influence (Sharma and Bhatti 2010). In vacuum-sealed 
cells it also provides pressure to the electrodes to reduce their separation and increase 
capacitance. There are therefore three challenges to overcome in successfully building 
caseless supercapacitor cells into a honeycomb core sandwich panel: electrical 
insulation, sealing in electrolyte, and maintaining a low electrode separation.  
Figure 6.4 presents the interior of a panel, whose core consists of aluminium 
supercapacitor electrodes. The two outer composite panels lie in the x-y-plane, and 
the aluminium strips in the core are aligned in the x direction.   
 109 
 
Figure 6.4 Schematic diagram of a honeycomb core showing supercapacitor sites, structural 
adhesive seals and ultrasonically welded electrode terminals 
 
 
Figure 6.5 Schematic diagram of a supercapacitor site within a honeycomb core, identifying the 
locations of the painted carbon electrode coatings, electrolyte soaked separator and structural 
adhesive seals. 
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The face panels of a honeycomb composite can be made from polymer reinforced 
glass fibre or carbon fibre composite, and therefore insulate the interior of the panel 
perpendicular to the faces. These outer faces will also act to seal electrolyte between 
the cell electrodes and prevent leaking in the z and y directions. Each supercapacitor 
cell within the panel will then require sealing with insulating polymer at its boundary 
to prevent the electrolyte leaking. This leaves the short faces of the panel requiring an 
insulating covering to prevent accidental cell discharge.   
Because supercapacitor technology requires the electrically insulated separation of 
two electrodes, the standard spot welding method of fabricating an aluminium 
honeycomb is not possible. Instead, a novel method of bending aluminium sheets for 
use as supercapacitor current collectors within a honeycomb panel was developed in 
this project. 
1 cm wide aluminium strips were bent at 1 cm intervals at +60°, -60°, -60° and +60°. 
The bending was performed using a bespoke device built for this project (Figure 6.4) 
from laser cut acrylic sheet. This gives half of one unit cell of a honeycomb hexagon. 
Lengths of current collector bent in this pattern can then be coated with activated 
material and combined as a pair to form a supercapacitor. Two of these cells can then 
be bonded together symmetrically so that they form a single length of hexagonal 
honeycomb unit cells. Attaching more bent current collectors to the system in turn 
creates a hexagonal honeycomb core, ready to be sandwiched and bonded between 
two composite outer faces. To accurately finish the bending angles on the aluminium 
sheet, the lengths were inserted in a 3D printed mould (Figure 6.7 and Figure 6.8), 
along with the necessary separator paper, which holds the electrodes in their correct 
orientation ready for bonding to one another and the outer panels. 
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Figure 6.6 Laser cut bespoke panel bending mangle, set to bend 10 mm wide sections of foil at 
±60°. 
 
Figure 6.7 CAD drawing of jig to align aluminium strips for bonding. 
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Figure 6.8 3D printed honeycomb jig to align aluminium strips for bonding. 
To bend the aluminium foil for the high density corrugated panels, a different set of 
rollers were cut for use with the mangle. These curved the 1 cm wide foil gradually 
rather than bending it at regular intervals, with each unit curve of the corrugated foil 1 
cm long. A pair of corrugated mouldings were then used to hold the stack of current 
collectors and separators tightly together while the outer skins of GFRP composite 
were bonded to them. 
In commercial supercapacitor fabrication, as in research, electrode slurry is typically 
applied to foil current collectors via a fixed aperture coating device. This method 
gives a consistent areal density of the electrode material on the current collector. A 
roll-to-roll coating machine was used to produce active electrode coated current 
collectors in flat form that would be subsequently formed for the core. However this 
method could not be used for the honeycomb low-density panel as the mangle used to 
bend the foil at  ±60° caused the coating to de-bond from the aluminium surface at the 
bend vertices.  
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To overcome the peeling of the electrode coating after bending the current collectors, 
it was decided to pass the aluminium through the mangle without any coating, and 
then apply the electrode slurry after to the formed foils. Applying the slurry to only 
the sites of the supercapacitors, as opposed to the voids within the honeycomb, would 
also save weight. To achieve this, the slurry was applied using a small paintbrush, and 
the desired final areal density achieved by controlling the concentration of the 
electrode slurry. 
6.4.3. Testing Methods 
The completed structural supercapacitor panels were tested by impedance 
spectrometry, cyclic voltammetry and galvanostatic charge-discharge. Analysis of this 
data provided the specific capacitance, energy, and power of the electrode material of 
the cells and, overall, the electrochemical performance of the supercapacitor panel. 
Once the electrochemical analysis was complete, the panels were cut into beams that 
were subjected to flexural three-point-bend testing, giving data values for the flexural 
strength and modulus of the composite material. 
6.5. Results and Discussion 
To maximise the validity of the three point bend test results, panels were made up to 
the maximum size possible with available materials and equipment. This allows 
defects in the manufacture of the panels to make a smaller impact on the overall 
results of the test. Initial test specimens were smaller to save time and materials, but 
gave indications of results to come. Early prototypes also proved necessary to perfect 
the manufacturing process. Figure 6.9 presents a prototype sandwich honeycomb 
panel containing supercapacitors. 
 
Figure 6.9 Photograph of a prototype honeycomb core composite panel containing 
supercapacitors. 
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The first prototype honeycomb panel was 15 x 9.8 x 1.2 cm, with 41 individual 1 cm2 
supercapacitors for a total electrode area of 82 cm2.  
 
Figure 6.10 (a) Nyquist plot for prototype honeycomb panel with 41 cm2 supercapacitors between 
1 MHz and 10 mHz, and (b) focus on Warburg and charge-transfer region between 1 MHz and 
100 Hz. 
 
Figure 6.11 Graph of electrode specific capacitance against frequency in the range 1 MHz to 10 
mHz for prototype honeycomb panel with 41 cm2 supercapacitors. 
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Impedance spectrometry data presented in the form of a Nyquist plot in Figure 6.10 
shows some supercapacitor performance, but with a high ESR of 2 Ω (equivalent to 
ESR = 82 Ω for each cm2 of supercapacitor area) resulting in a maximum electrode 
specific capacitance of only 7.2 F/g of active electrode material (Figure 6.11). This 
may be compared to a maximum electrode specific capacitance of 46.7 F/g for 2 cm2 
supercapacitor cells with the same electrode material (but with PVDF binder) and the 
same electrolyte in similar impedance spectroscopy tests as reported by Lei et al 
[2011]. 
 
Figure 6.12 Cyclic voltammogram at scan rate of 0.01 V/s for prototype honeycomb panel with 
41 cm2 supercapacitors. 
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Figure 6.13 Cyclic voltammogram at scan rate of 10 V/s for prototype honeycomb panel with 41 
cm2 supercapacitors. 
 
Figure 6.14 Electrode specific capacitance from CV against scan rate for prototype honeycomb 
panel with 41 cm2 supercapacitors. 
Cyclic voltammetry was performed, and showed high redox reactions at the peak 
voltage (Figure 6.12 and Figure 6.13), however slow scan rates demonstrate a 
maximum specific capacitance of 144 F/g, quickly tapering away at higher scan rates 
(Figure 6.14).  
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Figure 6.15 Graph of charge discharge at electrode current density of ~0.03 mA/cm2 for 
prototype honeycomb panel with 41 cm2 supercapacitors. 
 
Figure 6.16 Graph of charge discharge at electrode current density of ~0.3 mA/cm2 for prototype 
honeycomb panel with 41 cm2 supercapacitors. 
Galvanostatic charge discharge was performed (Figure 6.15 and Figure 6.16) and 
confirmed the high ESR indicated by impedance spectrometry. At the higher currents 
used in DC charge discharge, the ESR was measured at 54 Ω when discharging at 
~0.03 mA/cm2, and 68 Ω at ~0.3 mA/cm2. Such high resistance reduced the overall 
capacitance significantly and, hence, the energy density (Figure 6.17). 
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Figure 6.17 Ragone plot from CD for current densities between ~0.03 mA/cm2 and 0.3 mA/cm2 
for prototype honeycomb panel with 41 cm2 supercapacitors. 
 
Figure 6.18 Plot of energy efficiency % from CD for prototype honeycomb panel with 41 cm2 
supercapacitors. 
Comparing the energy required to charge the cell to 3 V with that output to discharge 
back to 0 V from the charge-discharge data, the energy efficiency of the cell was 
calculated at a maximum of 18.9% at a current density ~0.12 mA/cm2 (Figure 6.18). 
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Figure 6.19 Electrode specific capacitance from discharge against electrode current density for 
prototype honeycomb panel with 41 cm2 supercapacitors. 
All of the electrochemical analysis shows a supercapacitor that has a reasonable 
capacitance at low currents but high internal resistance with a quickly reducing 
capacitance at high currents (Figure 6.11). To overcome this, later larger panels were 
manufactured with higher areal density electrode coatings. 
 
Figure 6.20 Mechanical three-point bend test data showing compressive load L against time t for 
two samples of 10x4.5x1.2 cm cut from the prototype honeycomb panel and tested at a rate of 1 
mm/min. 
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Three point bend testing of the prototype panel required cutting it into dimensions 
appropriate for yielding relevant flexural moduli. The panel was cut into two 
specimens 15x4.5x1.2 cm in size, and tested across a span of 10 cm. Due to the 
relatively large cell size compared to the total size of the panels, the data was 
expected to be variant and highly dependant upon any fluctuations in the 
manufacturing. This can be seen by the very different maximal load failures of 134 N 
and 91 N for the two samples. The flexural modulus was determined as 309 MPa and 
244 MPa, respectively. To obtain more valid structural data, a larger panel needed to 
be fabricated to overcome the effect of the relatively large internal voids. 
The maximum honeycomb panels that could be made were to dimensions of 
28.5x9.5x1.2 cm due to constraints upon the length of aluminium strips that could be 
cut (~40 cm), and the size of moulds that could be fabricated to hold the panel - 
limited by the print area of available 3D printers (longest side ~16 cm, two moulds 
were printed and used together to give a maximum length dimension ~30 cm). These 
honeycomb panels had 170 cm2 of electrode area, spread across 85 individual 1 cm2 
parallel supercapacitor cells.  
 
 
Figure 6.21 (a) Nyquist plot for honeycomb panel with 85 cm2 supercapacitors between 1 MHz 
and 10 mHz, and (b) focus on Warburg and charge-transfer region between 100 kHz and 100 Hz. 
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Figure 6.22 Graph of electrode specific capacitance against frequency in the range 1 MHz to 10 
mHz for honeycomb panel with 85 cm2 supercapacitors. 
 
It is clear in the impedance spectroscopy Nyquist plot presented in Figure 6.21 that 
this supercapacitor honeycomb panel behaved much better with a lower ESR of 0.725 
Ω (equivalent to 82 Ω for each cm2 of cell) and a much higher maximum electrode 
specific capacitance of 76 F/g, which is in fact higher than 46.6 F/g reported by Lei et 
al [2011] and is maintained to higher frequencies (Figure 6.14). The resistance is still 
relatively high (82 Ω for each cm2 of cell against 11 Ω for each cm2 of cell in the 
small cell of Lei et al [2011]) and may be attributed to the honeycomb fabrication 
method during which the supercapacitor cells may not be highly compressed as cell 
compression has been found to reduce resistance (Lei et al. 2013).  
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Figure 6.23 Cyclic voltammogram at scan rate of 0.1 V/s for honeycomb panel with 85 cm2 
supercapacitors. 
 
Figure 6.24 Cyclic voltammogram at scan rate of 1 V/s for honeycomb panel with 85 cm2 
supercapacitors. 
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Figure 6.25 Electrode specific capacitance from CV against scan rate for honeycomb panel with 
85 cm2 supercapacitors. 
 
Figure 6.26 Graph of charge discharge at electrode current density of ~0.3 mA/cm2 for 
honeycomb panel with 85 cm2 supercapacitors. 
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Figure 6.27 Graph of charge discharge at electrode current density of ~3 mA/cm2 for honeycomb 
panel with 85 cm2 supercapacitors. 
 
Figure 6.28 Ragone plot from CD for current densities between ~0. 3 mA/cm2 and ~3 mA/cm2 for 
prototype honeycomb panel with 85 cm2 supercapacitors. 
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Figure 6.29 Plot of energy efficiency % from CD for honeycomb panel with 85 cm2 
supercapacitors. 
 
Figure 6.30 Electrode specific capacitance from discharge against electrode current density for 
honeycomb panel with 85 cm2 supercapacitors. 
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The good capacitance of the supercapacitor panel is evident in both cyclic 
voltammetry (Figure 6.25) and charge-discharge tests (Figure 6.30) prolonging the 
available charge and the discharge time of the supercapacitor honeycomb. The 
Ragone plot presented in Figure 6.28 demonstrates high energy density, as a result of 
the high specific capacitance, but not very high power density due to the relatively 
high resistance of the honeycomb supercapacitor cells. Figure 6.21 also shows 
improved energy efficiency of this sandwich panel of 85 cm2 supercapacitors 
compared to the first panel of 41 cm2 supercapacitors (Figure 6.10). 
 
 
Figure 6.31 Mechanical three-point bend test data showing compressive load L against time t for 
beam span dimensions of 10 x 4.5 x 1.2 cm from honeycomb panel with 85 cm2 supercapacitors 
tested at 1 mm/min. 
Figure 6.31 presents the results of the three-point bend test. Using a span and 
specimen dimensions four times greater than the span and dimensions of the 
prototype whose results are shown in Figure 6.20 yields better mechanical properties. 
This is due to the lesser effect of the cell voids and imperfections throughout the 
panel. Further improvements would be expected when scaling the panel design up 
further while retaining the cell size. Analysing the data in Figure 6.31 gave a flexural 
modulus of 5.07 GPa, and a flexural strength of 413.9 MPa.  
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6.6. Concluding Remarks 
A method of manufacturing a low-density energy storage composite sandwich panel 
was developed. Integrating supercapacitors into an aluminium honeycomb core, 
bonded between two glass fibre reinforced polymer face sheets proved to be a 
successful method of constructing a mechanically stable load bearing material, that 
can store electrical energy.  
Maximum electrode specific energy per unit mass of the carbonaceous electrode 
material was recorded at 23.01 Wh/kg, and a maximum specific power similarly for 
electrode mass was observed to be 1041.5 W/kg. These are favourable values and 
typical of an uncompressed supercapacitor. These values can be translated to 
gravometric and volumetric values for the total mass and volume of the entire panel.  
Gravometric analysis of energy and power for the total mass of the panel gives 0.18 
Wh/kg for specific energy, and 8.2 W/kg for specific power. Volumetric analysis 
demonstrates an energy density of 0.075 Wh/l, and a power density of 3.38 W/l. 
The next stage of the project was to research and develop methods for increasing the 
gravometric and volumetric energy and power storage in a sandwich composite, by 
increasing the total supercapacitor area within the panel significantly. 
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7. Structural Current Collectors; Supercapacitor 
Corrugated Core Composite Sandwich Panels 
7.1. Introduction 
As outlined in Chapter 6, supercapacitor current collectors can be used as orthogonal 
structural elements within the core of a composite sandwich panel to good effect. 
Expanding on the success of the honeycomb designs, a high-density panel was 
envisaged with no cellular voids in the core. This supercapacitor panel would 
maximise energy storage and aim to achieve a higher flexural modulus than the 
honeycomb core design. This high density core panel would sacrifice weight at the 
expense of all-out performance including both energy storage and structural 
performance. 
7.2. Concept 
 
Figure 7.1 Conceptual model of the sandwich panel with high density corrugated aluminium 
sheet core. 
 
To maximise the energy storage capability of a sandwich panel, a high-density core 
model was designed with no cellular voids (Figure 7.1). Continuous supercapacitors 
were embedded in the core with the Al sheets being the current collectors. The 
orthogonal sheets of aluminium in the core were continuously coated, double-sided, 
with activated carbon electrode material, packing the largest amount of energy storage 
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into the available space. To improve the transverse flexural and shear properties of the 
final panel, the aluminium current collectors were bent into a sinusoidal corrugated 
pattern. This optimised the flexural and shear moduli when stressing the panel 
transverse to the current collectors. 
7.3. Materials and Experimental Methods 
Materials 
These experiments, as those in Chapter 5, used aluminium current collectors as the 
load bearing internal component of a composite sandwich panel. The materials used 
are again mostly the same as those used in commercial supercapacitor fabrication, 
with additional composite skins for the sandwich panel. 
Current Collectors 
30G01 Toyal Carbo carbon black-aluminium carbide whisker-aluminium composite 
foil, manufactured by Toyo Aluminium K.K., was used as electrode current collectors 
for the supercapacitors in the high-density corrugated panels as well as the structural 
core sheets. The foil has a stated thickness of 30 µm, and orthogonal aluminium 
carbide nano whiskers of diameter 20-30 nm holding carbon black nanoparticles.  
Separator 
TF4060 Electric Double Layer Capacitor Separator, manufactured by Nippon 
Kodoshi Corp. was used as a porous dielectric separator. A cellulose paper, it has a 
stated thickness of 60 µm, and measured to have a density of approximately 2.5 
mg/cm2. 
Electrolyte 
TEABF4 (tetraethyl ammonium tetrafluoroborate) was dissolved at 1 M in PC 
(propylene carbonate), both supplied by Sigma Aldrich.  
Electrode 
Activated Charcoal was used as the primary electrode material (90%wt), doped with 
5%wt Carbon Black, both supplied as powders by Sigma Aldrich. This dry mixture 
was combined with 5%wt SBR (styrene-butadiene rubber) binder, a hydrophilic 
polymer emulsion in water (supplied by MTI Corporation), which was further diluted 
with de-ionised water. This aqueous slurry was coated onto the current collectors and 
dried to give the conductive high pore surface area electrode. 
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Structural Skins 
Glass fibre reinforced polymer laminates were fabricated to use as the outer skins of 
the composite sandwich panels. 5 harness satin glass fibre weave supplied by 
Fothergill Engineered Fabrics Ltd was used as the fibre reinforcement, in a two-ply 
layup at 0° and +90°. The continuous polymer matrix was made as follows: 
• 100 parts epoxide resin SER 300 supplied by Kömmerling UK Ltd, (bisphenol 
“A”-epichlorohydrin). 
• 60 parts epoxy embedding medium, hardener MNA supplied by Sigma Aldrich, 
(methyl-5-norbornene-2,3-dicarboxylicanhydride). 
• 4 parts ancamine K61B curing agent, supplied by Air Products Chemicals 
Europe, (2-ethylhexanoic acid, compound with 2,4,6-
tris[(dimethylamino)methyl]phenol). 
To bond these outer skins to the core materials, structural adhesive 3M Scotch-Weld 
DP490 was used, supplied by 3M.  
7.3.1. Material Processing and Fabrication Methods 
In commercial supercapacitor fabrication, as in research, electrode slurry is typically 
applied to foil current collectors via a fixed aperture coating device. This method 
gives a consistent areal density of the electrode material on the current collector. A 
roll-to-roll coating machine was used to produce active electrode-coated current 
collectors for the corrugated high-density panel. 
To bend the aluminium foil for the high-density corrugated panels, a different set of 
rollers were cut for use with the laser cut mangle (compared to those used in Chapter 
6). These curved the 1 cm wide foil gradually rather than sharply, bending it at regular 
60° intervals, with each unit curve of the corrugated foil 1 cm long. A pair of 
corrugated mouldings (Figure 7.2) was then used to hold the stack of current 
collectors and separators tightly together while the outer GFRP composite skins were 
bonded to them. 
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Figure 7.2 CAD Rendering of two corrugating mouldings used in holding the supercapacitor 
stack together during the adhesive bonding process in which the core was bonded to the skins to 
fabricate a sandwich panel. 
7.4. Results and Discussion 
A prototype panel was constructed with six current collector foils, each with an 
electrode area of 14x1 cm (Figures 7.3-7.4). The inner foils were double side-coated 
with active electrode material, resulting in ten electrodes for a total supercapacitor 
surface area of 70 cm2, and a total electrode area of 140 cm2. This simple beam was 
constructed to assess the electrochemical properties of a corrugated supercapacitor 
core. The beam was too thin for mechanical testing.  
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Figure 7.3 Photograph of 1 cm tall prototype corrugated supercapacitor beam without top GFRP 
skin. 
 
Figure 7.4 Photograph of 1 cm tall prototype corrugated supercapacitor beam, impregnated with 
electrolyte and sealed with both GFRP skins ready for testing. 
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7.4.1. Prototype Corrugated Beam Electrochemical Results 
 
Figure 7.5 (a) Nyquist plot for prototype corrugated beam with 70 cm2 supercapacitors between 
1 MHz and 10 mHz, and (b) focus on Warburg and charge-transfer region between 1 MHz and 
100 Hz. 
 
Figure 7.6 Graph of electrode specific capacitance against frequency in the range 1 MHz to 10 
mHz for prototype corrugated beam with 70 cm2 supercapacitors. 
Impedance spectrometry data shown as a Nyquist plot in Figure 7.5 indicates poor 
supercapacitor performance, with an ESR of  ~1.5 Ω (equivalent to an ESR of ~105 Ω 
per cm2 of supercapacitor area). The maximum electrode specific capacitance 
indicated is 14.4 F/g (Figure 7.6), however the negative part of the curve of the 
capacitive region of the graph shows that high resistance is still present. 
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Figure 7.7 Cyclic voltammogram at scan rate of 0.01 V/s for prototype corrugated beam with 70 
cm2 supercapacitors. 
 
Figure 7.8 Cyclic voltammogram at scan rate of 10 V/s for prototype corrugated beam with 70 
cm2 supercapacitors. 
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Figure 7.9 Electrode specific capacitance from CV against scan rate for prototype corrugated Al 
sheet core sandwich beam with 70 cm2 supercapacitors. 
Data from cyclic voltammetry (Figures 7.7-7.9) indicates a maximum electrode 
specific capacitance of 114.6 F/g, but this lowers dramatically at higher voltage scan 
rates. The relatively poor capacitance demonstrated here is again due to the high 
resistance in the cell. 
 
Figure 7.10 Graph of charge discharge at electrode current density of ~2.85 mA/cm2 for 
prototype corrugated beam with 70 cm2 supercapacitors. 
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Figure 7.11 Graph of charge discharge at electrode current density of ~8.57 mA/cm2 for 
prototype corrugated beam with 70 cm2 supercapacitors. 
Galvanostatic charge discharge was performed and confirmed the high resistance 
indicated by earlier impedance spectroscopy (Figures 7.10-7.11). The ESR measured 
from CD was 3.46 Ω at 2.85 mA/cm2, and 3.1 Ω at 8.57 mA/cm2.  This high internal 
resistance contributed to the low specific energy shown below in Figure 7.12. 
 
Figure 7.12 Ragone plot from CD for current densities between ~2.85 mA/cm2 and ~8.57 mA/cm2 
for prototype corrugated beam with 70 cm2 supercapacitors. 
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Figure 7.13 Plot of energy efficiency % from CD for prototype corrugated beam with 70 cm2 
supercapacitors. 
Figure 7.13 presents the energy efficiency of the supercapacitor panel as a function of 
the electrode current density (where energy efficiency is defined as the ratio of the 
energy output in cell discharge from 3 to 0 V divided by the total energy input to 
charge the cell from 0 – 3 V). The energy efficiency of the cell was shown to reach a 
maximum of 22.26% at a current density of  4.28 mA/cm2. The maximum electrode 
specific capacitance determined from the discharge data in Figure 7.14 is similar to 
that determined in the Nyquist plot in Figure 7.5. 
 
Figure 7.14 Electrode specific capacitance from discharge against electrode current density for 
prototype corrugated beam with 70 cm2 supercapacitors. 
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Electrochemical analysis of this prototype beam provided an indication that the layout 
could provide a supercapacitor with some energy storage. The high internal resistance 
of this prototype resulted in low capacitance, particularly at the DC currents used in 
charge-discharge tests. To overcome this, the larger beams manufactured later 
(section 7.4.2) were fabricated using higher areal density electrode coatings. 
7.4.2. Structural Corrugated Panel Results 
Corrugated panels were manufactured to dimensions of 21.5x1x1.2 cm as the current 
collectors were closely packed and consumed large amounts of electrode material. To 
build a beam of 1 cm width for mechanical testing with a high-density corrugated 
core, a stack of supercapacitor cells over 1.6 cm deep needed to be built and the 
excess cut away (see Figure 7.15). This resulted in 36 layers of aluminium whisker 
foil current collectors, with 70 sides of carbonaceous electrode coating (the inner and 
outer collectors not requiring an external coating). Each electrode had a length of 20 
cm, for a total supercapacitor area of 700 cm2, and a total electrode area of 1400 cm2.  
 
Figure 7.15 Schematic of corrugated supercapacitor panel, showing how the curved panel was 
trimmed to form a straight 1 cm wide beam for mechanical testing. 
1 cm wide 
cut beam 
1.6 cm wide 
corrugated 
panel 
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Figure 7.16 Nyquist plot for corrugated beam with 700 cm2 supercapacitors between 1 MHz and 
10 mHz, and (b) focus on Warburg and charge-transfer region between 1 MHz and 100 Hz. 
 
Figure 7.17 Graph of electrode specific capacitance against frequency in the range 1 MHz to 10 
mHz for corrugated beam with 700 cm2 supercapacitors. 
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EIS testing in Figure 7.16 showed that the beam supercapacitor has very low internal 
resistance, ~0.27 Ω, as would be expected from such a large cell (which, however, 
was high per cm2 of cell, 189 Ω for each cm2 of supercapacitor cell). The maximum 
calculated electrode specific capacitance was ~73.6 F/g (Figure 7.17), but this was at 
a frequency of ~0.156 Hz, where typically the maximum specific capacitance would 
be calculated at the lowest tested frequency of 0.01 Hz. The inconsistency of the 
specific capacitance compared to the frequency applied to the cell can be seen in 
Figure 7.17 where an uneven trace is mapped out.  
It is the large size of the cell that makes testing using the Princeton Versastat 
impedance spectrometer challenging, as the maximum current throughput of the 
machine is 600 mA. While this is appropriate for small cells, supercapacitors with 
larger surface areas, such as that explored in this chapter would benefit from analysis 
using test equipment capable of supplying higher currents. This shortcoming in the 
testing meant that galvanostatic charge discharge and cyclic voltammetry testing 
(detailed below), was not able to cover a fully suitable range of currents per unit area 
or voltage scan rates. This situation was unavoidable due to the size of the 
supercapacitor necessitated by the mechanical three point bend tests.  
 
Figure 7.18 Cyclic voltammogram at scan rate of 0.0005 V/s for corrugated beam with 700 cm2 
supercapacitors. 
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Figure 7.19 Cyclic voltammogram at scan rate of 0.01 V/s for corrugated beam with 700 cm2 
supercapacitors. 
 
 
Figure 7.20 Electrode specific capacitance from CV against scan rate for corrugated beam with 
700 cm2 supercapacitors. 
 
 
 
 142 
In any case, the CV test data conducted using Versastat are presented in Figures 7.18-
7.20. Very high maximum electrode specific capacitance, 200 F/g, is obtained at very 
low scan rate, 0.5 mV/s, which though falls quickly to about 40 F/g at 1 mV/s (Figure 
7.20). 
 
Figure 7.21 Graph of charge discharge at electrode current density of ~0.84 mA/cm2 for 
corrugated beam with 700 cm2 supercapacitors. 
To obtain useful charge discharge data of such a large cell, with applied current 
densities comparable to others demonstrated throughout this work, a machine capable 
of delivering higher currents than the Princeton Versastat needed to be used.  
An MTI Corporation Four Channel Battery Analyser was used to perform high 
current galvanostatic charge discharge analysis of the 700cm2 supercapacitor 
corrugated beam. This machine, solely for DC charge discharge analysis of energy 
storage devices, is capable of testing cells at a potential up to 10 V, and importantly 
for this experiment, currents up to 30 A. There are two limitations of the battery 
analyser when compared with the Versastat that must be noted. The first is its 
minimum time step increment of 1 s. This gives its data a lower resolution than the 
Versastat, which can be an important factor testing at high current densities. Its 
second limitation is that as it is designed to test electrochemical batteries, it is 
incapable of inverting its voltage polarity while testing (for safety reasons when 
testing electrochemical batteries). To support this, when rapidly discharging and 
approaching 0 V, the machine tapers its current draw from the cell, so as not to invert 
its polarity, and not maintaining a constant current draw to the end of the test cycle. 
The consequence of this is that once the machine begins reducing the current draw, 
 143 
the data was no longer used to calculate capacitance, energy or power values as the 
current is no longer constant.  
The tapering of the current can be seen in the CD graph shown in Figure 7.22, where 
a trend line has been extended from the constant current section of the discharge data, 
with the subsequent test data values at increasing time seen to deviate away from this. 
 
 
Figure 7.22 Graph of charge discharge at electrode current density of ~8.4 mA/cm2 for 
corrugated beam with 700 cm2 supercapacitors. Trend line shown in black is extension of 
constant current discharge data. 
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Figure 7.23 Ragone plot from CD for current densities between ~0.84 mA/cm2 and 8.4 mA/cm2 
for corrugated beam with 700 cm2 supercapacitors. 
 
Figure 7.24 Plot of energy efficiency % from CD for corrugated beam with 700 cm2 
supercapacitors. 
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Figure 7.25 Electrode specific capacitance from discharge against electrode current density for 
corrugated beam with 700 cm2 supercapacitors. 
Figure 7.23 presents the Ragone plot from the discharge phase of the GCD tests, 
where the capacitance value used to calculate the energy was derived from the 
constant current trend line. In general, a maximum energy density of 20 Wh/kg was 
observed (given the high electrode specific capacitance of 124 F/g as is shown in 
Figure 7.25). Tested maximum power density reached over 1 kW/kg due to the 
relatively high cell resistance value. The electrochemical performance of this big 
sandwich panel with the high-density core is comparable to that of the supercapacitor 
honeycomb core as expected since the specific energy and power densities in both 
cases are calculated with respect to the mass of the active porous electrodes. In both 
cases, the current collectors are not under any compression to minimise the contact 
resistance of the cell (Lei et al, 2013). 
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Figure 7.26 Photograph of corrugated supercapacitor beam during three point bend testing. Note 
the material cutaway from the sides destroying energy storage capability to provide the correct 
dimensions for mechanical testing. Note also delamination of the upper GFRP face at failure. 
 
The sandwich beam was tested in three point bend at the load head moving at 1 
mm/min (Figure 7.26). Figure 7.27 is a graph showing the three point bend test 
results. The size of this large supercapacitor beam allowed for good structural testing.  
Analysis of the output data gave a flexural modulus of 6.84 GPa and a flexural 
strength of 436.26 MPa.  
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Figure 7.27 Mechanical three-point bend test data showing compressive load L against time t for 
corrugated beam with 700 cm2 supercapacitors tested at 1 mm/min. 
 
7.5. Concluding Remarks 
Sandwich panels with corrugated supercapacitor core were shown to be an effective 
method for structural energy storage. The high density of the cores maximised their 
energy storage and structural properties, without regard for weight. This design of 
panel yielded a maximum specific energy of 20.07 Wh/kg, and a maximum specific 
power of 1206 W/kg. These correspond to volumetric values of 2.95 Wh/l and 67.9 
W/l, i.e. a 20x50x1 cm sandwich panel could provide power of 67.9 W for 2.6 
minutes. This can be compared with the volumetric specific performance of the large 
cylindrical cells (60.7 mm diameter and 138 mm length, 0.510 kg mass) of Maxwell 
supercapacitors BCAP3000, which have a maximum energy density of 7.6 Wh/l and a 
maximum power density of 7.5 W/l at a cell mass density of 1278 kg/m3. The 
Maxwell cylindrical cells have very low cell resistance due to their self-compression 
as the electrode foils are tightly wound around the cell; their low cell resistance 
increases both their power and energy performance. However, they are of high mass 
density compared to a mass density of 660.9 kg/m3 of the sandwich panels with the 
high density core. 
The high core density sandwich panel has a reasonable flexural modulus of 6.8 GPa 
(higher than that of the honeycomb core sandwich panel, as expected) and a 
reasonable flexural strength of 436 MPa. 
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8. Embedded Supercapacitors in Fibre Reinforced Polymer 
Laminate 
8.1. Introduction 
As a final method of using electrochemical capacitors in structural applications, a 
method of integrating energy storage into flat structural panels was explored. Using 
the process of fabricating GFRP panels outlined in previous chapters, small 
supercapacitors were incorporated within the layup of glass fibre fabrics to provide a 
small amount of energy storage within a thin composite laminate. 
8.2. Concept 
GFRP panels are used widely in industry for automotive, aeronautical and marine 
applications where high strength-to-weight characteristics are desired. This 
investigation seeks to exploit these widely researched properties while adding 
supercapacitors for energy storage. Given the thin current collectors and thin 
separator, it is anticipated that the embedded, thin supercapacitor devices will not act 
detrimentally against the strength of the laminate. 
The manufacture of GFRP panels broadly makes use of glass fibre fabrics, reinforced 
by a polymer matrix. The process of fabrication usually involves laying several 
fabrics on top of one another, and introducing the polymer matrix as a liquid that is 
then cured to a solid. Embedment of supercapacitors involves placing the flat 
components of electrochemical cells within the dry layup of fabrics, before 
introducing the polymer resin. The end goal was to have a GFRP panel, with the 
supercapacitor cells sealed inside. 
Using the aluminium carbide current collector foils to deliver current to and from 
each cell, a simple square grid pattern presented itself as the natural way to implement 
the energy storage within the panel. This has the added effect of introducing 
aluminium, with its high strength relative to the glass fibres, into the composite as a 
further structural material.  
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Figure 8.1 Top down schematic of simple GFRP composite panel with four embedded 
supercapacitors. 
8.3. Materials and Experimental Methods 
Materials 
These experiments used the same materials as those in Chapter 7, with aluminium 
carbide current collectors embedded within the composite GFRP panel. 
Current Collectors 
30G01 Toyal Carbo aluminium carbide composite foil, manufactured by Toyo 
Aluminium K.K. was used as electrode current collectors. The foil has a stated 
thickness of 30 µm, and orthogonal aluminium carbide nano whiskers of diameter 20-
30 nm which hold a monolayer of carbon black nano particles.  
Separator 
TF4060 Electric Double Layer Capacitor Separator, manufactured by Nippon 
Kodoshi Corp. was used as a porous dielectric separator. A cellulose paper, it has a 
stated thickness of 60 µm, and measured to have a density of approximately 2.5 
mg/cm2. 
Electrolyte 
TEABF4 (tetraethyl ammonium tetrafluoroborate) was dissolved at 1 M in PC 
(propylene carbonate), both supplied by Sigma Aldrich.  
 
Positive electrodes 
Negative electrodes 
Glass fibre 
fabric Supercapacitors 
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Electrode 
Activated Charcoal was used as the primary electrode material (90%wt), doped with 
5%wt Carbon Black, both supplied as powders by Sigma Aldrich. This dry mixture 
was combined with 5%wt SBR (styrene-butadiene rubber) binder, a hydrophilic 
polymer emulsion in water supplied by MTI Corporation, which was then further 
diluted with de-ionised water. This aqueous slurry was coated onto the current 
collectors and dried to give the conductive high surface area electrode. 
GFRP Composite Panel 
Glass fibre reinforced polymer panels were fabricated as follows: 5 harness satin 
weave glass fibre supplied by Fothergill Engineered Fabrics Ltd was used as the fibre 
reinforcement, with an eight-ply layup. The fabrics were orientated at 0°, +90°, 
+180°, and +270° either side of the supercapacitor current collectors. The continuous 
polymer matrix was made as follows: 
• 100 parts Epoxide Resin SER 300 supplied by Kömmerling UK Ltd, (bisphenol 
“A”-epichlorohydrin). 
• 60 parts Epoxy embedding medium, hardener MNA supplied by Sigma 
Aldrich, (methyl-5-norbornene-2,3-dicarboxylicanhydride). 
• 4 parts Ancamine K61B curing agent, supplied by Air Products Chemicals 
Europe, (2-ethylhexanoic acid, compound with 2,4,6-
tris[(dimethylamino)methyl]phenol). 
Sealing the supercapacitor cell from the GFRP composite panel was achieved using 
Parafilm, a a self-adhesive polymer film supplied by Sigma Aldrich. 
8.3.1. Material Processing and Fabrication Methods 
The method of painting electrode slurry onto the aluminium carbide current collectors 
in small-defined areas deployed in Chapter 6 was again used to minimise weight and 
wastage. With no carbonaceous coating outside the areas of the supercapacitors, there 
was little chance of any electrode material contaminating the resin matrix. 
To prevent the supercapacitor electrolyte contaminating the resin matrix, each 
supercapacitor cell needed to be adequately sealed against any leaks. Rather than 
introduce another material by sealing each cell within a casing (as found in 
commercial manufacture), a polymer seal was introduced between the current 
collectors, bordering the cell, by impulse heat-sealing the current collectors together 
using parafilm, to prevent electrolyte escape. 
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Figure 8.2 Top down schematic of a single supercapacitor cell within the parafilm seal bonding 
the current collectors together 
Each supercapacitor cell was 1 cm x 1 cm, with the electrode material painted into the 
centre of the 2 cm wide strip of current collector. The parafilm seal was cut as a 0.5 
cm wide frame that surrounds the supercapacitor cell. The seal prevents electrical 
shorting of the current collectors as well as electrolyte leaks. 
 
Figure 8.3 Cutaway cross section of supercapacitor sealed between glass fibre fabrics 
The panel manufactured and tested in this chapter was a 28 cm x 28 cm GFRP layup, 
embedded with nine 1 cm2 supercapacitors embedded through six 2 cm wide strips of 
current collector. This gave the panel a total supercapacitor area of 9 cm2.  
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Coating 
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Electrolyte 
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Fabrics 
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Figure 8.4 Photograph of 28 cm x 28 cm GFRP panel with embedded 9 cm2 supercapacitors. 
 
8.4. Results and Discussion 
 
Figure 8.5 (a) Nyquist plot for panel with embedded 9 cm2 supercapacitors tested between 1 MHz 
and 10 mHz, and (b) focus on Warburg and charge-transfer region between 1 MHz and 10 Hz. 
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Figure 8.6 Graph of electrode specific capacitance against frequency in the range 1 MHz to 10 
mHz for panel with embedded 9 cm2 supercapacitors. 
Data shown from impedance spectrometry testing in Figure 8.5 indicates good 
supercapacitor performance, with a maximum electrode specific capacitance of 55.4 
F/g (better than 46.7 F/g reported by Lei et al (2011), and an ESR of 1.37 Ω. This 
corresponds to an ESR of ~12.3 Ω for each cm2 of supercapacitor area which is 
similar to that of similar supercapacitor reported by Lei et al (2011). 
 
Figure 8.7 Cyclic voltammogram at scan rate of 0.01 V/s for panel with embedded  9 cm2 
supercapacitors. 
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Figure 8.8 Cyclic voltammogram at scan rate of 10 V/s for panel with embedded 9 cm2 
supercapacitors. 
 
Figure 8.9 Electrode specific capacitance from CV against scan rate for panel with embedded 9 
cm2 supercapacitors. 
Cyclic voltammetry testing (Figures 8.7-8.9) yielded a maximum electrode specific 
capacitance of 103.5 F/g, which is reasonable and in line with all previous successful 
supercapacitor tests. Capacitive behaviour is retained through the lower to mid scan 
rates (~0.5 V/s), which is an indicator of low ESR. 
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Figure 8.10 Graph of charge discharge at current density of ~0.56 mA/cm2 for a panel with 
embedded 9 cm2 supercapacitors. 
 
Figure 8.11 Graph of charge discharge at current density of ~27.8 mA/cm2 for a panel with 
embedded 9 cm2 supercapacitors. 
The low ESR indicated by impedance spectrometry and cyclic voltammetry was 
further confirmed by galvanostatic charge discharge testing (Figures 8.10-8.11), with 
an ESR of 5.0 Ω measured at a current density of 27.8 mA/cm2.  
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Figure 8.12 Ragone plot from CD for current densities between ~0.56 mA/cm2 and 27.8 mA/cm2 
for panel with embedded 9 cm2 supercapacitors. 
 
Figure 8.13 Plot of energy efficiency % from CD for panel with embedded 9 cm2 supercapacitors. 
The Ragone plot presented in Figure 8.12 demonstrates better power density than for 
the supercapacitors in honeycomb and high density cores of sandwich laminates 
(Chapters 6 and 7, respectively), which can be attributed to the much lower internal 
resistance of the supercapacitors embedded in GFRP laminates. The maximum energy 
efficiency of the panel, when measured as a comparison of energy input and output 
during charge discharge testing, was 60.2% at a current density of ~5.55 mA/cm2 
(Figure 8.13).  
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Figure 8.14 Electrode specific capacitance from discharge data against electrode current density 
for panel with embedded 9 cm2 supercapacitors. 
 
Figure 8.15 Photograph of panel cut into beams of dimensions 28 cm x 7 cm ready for mechanical 
testing. Left beam shows longitudinal and lateral inserts, the right beam only lateral inserts. 
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Figure 8.16 Mechanical three-point bend test data showing compressive load L against time t for 
three different sections of panel embedded with 9 cm2 supercapacitors. Tested at 1 mm/min. 
Three point bend testing was carried out on samples cut from the 28 cm x 28 cm 
panel. These included beams with only lateral supercapacitor inserts, and beams with 
lateral and longitudinal supercapacitor inserts (see Figure 8.15). Control tests were 
also undertaken on comparable beams without any supercapacitor or current collector 
inserts. Beams were tested with a width of 7 cm, and a span of 21 cm, their depth was 
~0.2 cm. This data is shown in Figure 8.15, analysis from which is tabulated below in 
Table 8.1.  
Sample Flexural Modulus GPa Flexural Strength MPa 
Longitudinal and Lateral 
Inserts 
37.7 647.1 
Lateral Inserts  29.0 489.4 
No Inserts 19.7 313.8 
Table 8.1 Table of collated analysis from mechanical three point bend testing detailing flexural 
modulus and strength for three different constituent of samples. 
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8.5. Concluding Remarks 
A method for embedding supercapacitors within a glass fibre reinforced polymer 
composite was shown to be a reasonable method of storing low amounts of total 
energy within a structural application. A maximum specific energy of  13.85 Wh/kg, 
and a maximum specific power of 3.89 kW/kg were measured (per kg of electrode 
material).  
The completed panel had a density of 1510.2 kg/m3, with a volume of 0.157 l and a 
total mass of 0.2368 kg. From these specifications it was possible to determine the 
electrochemical properties of the whole composite panel. This corresponds to a 
maximum specific energy of 0.016 Wh/kg, and a maximum specific power of 0.57 
W/kg (per kg of complete panel). Volumetric values are then 24.21 Wh/l for energy 
density, and 863.2 W/l for power density. 
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9. Discussion 
This chapter looks to discuss the experimental results from the three successful 
structural supercapacitor designs; the honeycomb and corrugated core sandwich 
panels, and the embedded flat composite panel. Comparisons are drawn between the 
electrochemical and structural results independently, and the performance of each 
design compared. Figure 9.1 is a reproduction of Figure 1.1, with the specific energy 
and power results from successful experimentation in this project overlaid. It shows 
the structural supercapacitor designs put forward in this investigation fit within the 
expected electrochemical double layer capacitor region of Rightmire’s Ragone plot. 
Furthermore, the specific energy performance is shown to be comparable to that 
expected of electrochemical batteries, with all results sitting in a region where 
maximum specific energy and power are achieved. 
 
Figure 9.1 Reproduction of Figure 1.1 schematic Ragone plot of power density and energy 
density for various electrical energy storage devices (adapted from Rightmire 1966), with specific 
energy and power data from honeycomb, corrugated and Embedded flat structural 
supercapacitor designs. 
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9.1. Electrochemical Performance 
Looking only at electrochemical results, it is important to first put the fabrication of 
the supercapacitors under scrutiny. The honeycomb and corrugated sandwich panels 
are from an energy storage perspective very similar, with supercapacitors held 
vertically between aluminium current collectors that are sealed top and bottom to 
GFRP composite faces. Figure 9.2 shows electrode specific capacitance against 
current density for all three methods of manufacture, and it shows a relatively close 
trend between the honeycomb and corrugated methods; both achieve high electrode 
specific capacitance, which drops away quickly as current density is increased. This is 
due to a drop in power which, in turn, is due to the comparatively large resistance 
inside the panels, attributable to the welded connections in the current collectors.  
The embedded flat panel is a more unique method of fabrication, where the 
supercapacitors are sealed within the resin of a flat GFRP composite. This seal causes 
pressure to be applied to the electrodes of the supercapacitors, which increases the 
maximum specific power able to be drawn from the cell when compared to the 
sandwich panels (Figure 9.3). The maximum electrode specific capacitance is 
however lower, and this could be credited to a decrease of redox reactions due to 
good sealing and low moisture absorption for the laminate embedded supercapacitors 
compared to the other two designs of the core supercapacitors in the sandwich panels. 
Economies of scale must also be considered in the case of the flat laminate: the flat 
laminate constructed in this investigation had 9 cm2 of supercapacitors, compared to 
85 cm2 and 720 cm2 for the honeycomb and corrugated sandwich panels respectively. 
A flat laminate made using the process in this investigation that included 81 cm2 
supercapacitors would be ~1 m x 1 m in size. 
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Figure 9.2 Plot of electrode specific capacitance against electrode current density for the three 
successful designs of incorporating supercapacitors into structural panels. 
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Figure 9.3 Ragone plot from CD for the three successful designs of incorporating supercapacitors 
into structural panels. 
Figure 9.3 is a Ragone plot of the EDLC cell specific energy and power (weighted per 
kilogram of mass of the two electrodes), for the three successful methodologies. As in 
Figure 9.2, the honeycomb and corrugated sandwich panels results are grouped 
closely together due to the similarities in their fabrication process. Their specific 
energy values drop away quickly with increasing power density when compared to 
the flat panel, and this better power performance of the flat panel is again attributable 
to the pressure applied to the supercapacitors from the GFRP composite.  
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Figure 9.4 Visualisation comparing electrochemical results per unit mass of electrode material 
for mean specific capacitance, maximum specific energy, maximum specific power, and 
maximum energy efficiency. 
When looking at the overall data from the electrode analysis in Figure 9.4, it is seen 
that the two sandwich panels have similar values for specific capacitance, energy, 
power (per kilogram of the mass of electrodes) and efficiency. The flat panel design 
appears to sacrifice specific capacitance and energy of the EDLC for much increased 
efficiency and specific power. As with the high specific power, the high-energy 
efficiency of the flat panel is because of the GFRP panel applying pressure to the 
electrodes keeping them close together, allowing for better ion transport. 
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Figure 9.5 Visualisation comparing electrochemical results per unit mass and volume of the total 
panels, including maximum specific energy and power, and maximum energy and power 
densities. 
The constructed devices delivered energy storage incorporated into structural panels 
in quite different ways. This is visualised in Figure 9.5, where electrochemical data is 
shown per unit mass and volume of the total panels (as opposed to just the mass of 
electrode material). The corrugated sandwich panel stands out as providing the 
maximum energy and power per unit mass and per unit volume, bettering the other 
designs by several orders of magnitude in each data series. This design was conceived 
to give the maximum energy storage while retaining structural qualities, and is shown 
to deliver this when compared to the other methods explored. When referencing this 
with its mechanical properties, it is noted that the flexural modulus is slightly 
improved over the honeycomb design (35 % higher in Figure 10.1), while there is a 
60 % increase in overall density. When observing the 2400 % increase in maximum 
total power density (Figure 9.5), this increase in weight appears to be an acceptable 
compromise. 
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Table 9.1 presents an estimated electrochemical performance for a 0.5 m x 0.5 m 
panel of each of the above three types of structural supercapacitor panels. It is clear 
that the high density core sandwich panel exhibits the highest performance with a 
maximum power of 1.2 kW and a maximum energy of 20 Wh; it could be considered 
that at best such a panel could power a laptop (20 W) for one hour (the 
supercapacitors to be fully discharged to 0 V), which would make this device a 
reasonable case for energy storage. 
 
 
Honeycomb core 
sandwich panel 
Corrugated core 
sandwich panel 
Flat GFRP 
laminate 
Maximum Power 
(W) 
9.7 1217 1.5 
Maximum Energy 
(Wh) 
0.15 20.18 0.005 
Table 9.1 Estimated electrochemical performance of a 0.5 m x 0.5 m structural supercapacitor panel of 
each design from the three best designs 
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9.2. Structural Performance 
 
Figure 9.6 Chart comparing the physical and mechanical properties of the three successful 
methods of constructing a structural supercapacitor panel. 
Figure 9.6 visualises the mechanical test results, and the embedded flat panel design is 
shown to produce the highest flexural modulus and strength. This is not unexpected as 
the method of manufacture was taken from industry, and the inclusion of aluminium 
current collectors increased the strength of the GFRP panels. The drawback of the 
embedded flat panel design is its high physical density when compared to the 
sandwich panels, however in an application the GFRP composites would be much 
thinner and thus require less volume (and subsequently mass) than the others. 
The corrugated core sandwich panel is seen to outperform the honeycomb design in 
mechanical properties, at the expense of an increase in physical density. The 35 % 
better flexural modulus and 5 % better flexural strength are achieved though a 
physical density increase of 60 %. Individual applications would determine whether 
this trade off is acceptable or not.  
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10. Conclusions and Suggestions for Future Work 
This investigation has identified a series of fabrication methods for the manufacture 
of structural energy storage devices, through the use of existing and novel 
electrochemical capacitor technology. A wide-ranging survey into the history of the 
field was conducted, investigating the energy storage mechanisms of supercapacitors 
and recent attempts to manufacture structural energy storage through their use. A 
grounded level of understanding in the field was built and added to throughout the 
project as new approaches and methodologies were explored. This included processes 
of design, fabrication and testing at laboratory scale with considerations for both 
electrochemical and mechanical performance. 
Early efforts to construct a truly structural supercapacitor focussed on utilising the 
largest mass components of electrochemical capacitors - the electrolyte - to give 
mechanical performance. An all-solid configuration of electrode and electrolyte was 
considered, with a manufacturing process developed for fabrication of an activated 
carbon fibre fabric electrode composite supercapacitor, with a structural epoxy 
electrolyte matrix. Testing of panels manufactured using these method gave 
reasonable structural performance, however electrochemical analysis showed the 
energy storage abilities of the samples to be several orders of magnitude lower than 
comparable non-structural supercapacitors. This is expected due to the low diffusion 
rate of the electrolyte ions through the solid matrix and has also been reported by the 
Imperial College Structural Supercapacitor Group (Bismarck, et al. 2010). The large 
deficiency in energy storage resulting from the use of solid electrolytes was 
considered to be unacceptable, and therefore different approaches were sought to take 
this investigation forward. 
Reconciling the poor electrochemical performance of the previous all solid electrolyte 
supercapacitors, the commercially available organic electrolyte TEABF4 and solvent 
PC were chosen to take forward the project. This electrolyte demonstrates a 
reasonable maximum operating voltage and PC is less volatile than acetonitrile. Using 
electrolyte salts dissolved in liquid solvents left the next largest mass constituent of a 
supercapacitor for use as a structural component to be the electrodes. A method for 
manufacture of structural electrodes using graphene was sought out due to its high 
performance electrical and mechanical properties. 
Graphene nano-platelets had been noted as a viable electrode material, and a process 
to mechanically cross-link them together using sulfur was identified from literature 
(G. Carotenuto, et al. 2013). This process was modified to suit the materials and 
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equipment available to this project, leading to a fabrication process that delivered 
structural electrodes for use in supercapacitor applications. Characterisation and 
analysis of the physical properties of various concentrations of cross-linked electrode 
material was performed to confirm the manufacture processes, before electrochemical 
and mechanical testing of cells was undertaken.  
Results for the cross-linked graphene electrode supercapacitors showed they could 
demonstrate reasonable energy storage capabilities, but lacked the structural 
properties required for any application requiring reasonable strength. While many 
variations of concentrations of the constituent materials were tried, it was shown that 
the material loading of the electrodes had the greatest effect on their electrochemical 
performance. Samples with lower areal density (mg/cm2) of electrode coatings 
demonstrated energy storage performance better than samples with very high material 
loadings (of the order of 50 mg/cm2). Addition of MWCNTs to the graphene slurry 
had little effect on the electrochemical performance, however it did improve markedly 
the structural performance of the samples under three point bend testing.  
Mechanical testing of the sulfur cross-linked graphene yielded poor flexural modulus 
and strength results for all samples. The modulus of the material was compared to that 
of rubbers, but was seen to be unresolvable by continuing to use the cross-linking 
method.  
Continuing the premise of using the components of a supercapacitor that contribute 
most to its mass as structural components, the next focus of research was to be the 
current collectors. A direction change in the progression of the project was decided 
upon, to innovate through design while using commercially available materials and 
techniques to control all variables. The significant idea was to use supercapacitor 
current collectors as orthogonal structures within sandwich panels. 
Sandwich panel composites can provide high rigidity with minimal weight, with 
honeycomb core panels a widely used example in industry. These panels can contain 
long strips of aluminium foil, which were repurposed in this investigation as current 
collectors to allow supercapacitors to be placed within the panels for energy storage. 
A fabrication process was developed for the manufacture of a honeycomb core 
sandwich panel with a low density of supercapacitors installed, capable of storing 
electrical energy. This process was refined to produce honeycomb panels with good 
flexural strength and good energy storage. These panels were comparable to 
commercial honeycombs with only a small sacrifice on weight.  
While the honeycomb panels provide good strength and energy storage in a low-
density format, a higher density core design was pursued to maximise the energy 
storage capabilities of a sandwich panel. The method of manufacture for honeycomb 
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panels was modified to produce a sandwich panel with a high-density structural core 
of corrugated supercapacitor current collectors. These panels sought to provide the 
very maximum energy storage per unit volume, without regard for overall weight. 
Electrochemical and mechanical testing showed that this design provided the 
maximum in energy storage and mechanical strength of all the designs explored in 
this investigation.  
The final design of supercapacitors within a structural panel explored in this 
investigation was a flat GFRP laminate embedded with sealed supercapacitor units. 
Similar to the honeycomb panel, this was a low overall energy storage density design, 
with a view to being more compact than the sandwich panels. A method for sealing 
the supercapacitors within a GFRP layup, and maintaining this seal through resin 
infusion and curing, was developed. Electrochemical testing confirmed the success of 
sealing the supercapacitors within the panel, and gave energy storage results in line 
with all other experiments with regards to unit mass of electrode material. The 
addition of aluminium current collectors running through the laminate in a grid 
pattern had the benefit of increasing the flexural modulus of the composite when 
compared to a purely GFRP laminate, with the drawback of slightly increased density.  
 171 
 
Figure 10.1 Visualisation offering comparison of five key data series from the three successful 
designs for incorporating supercapacitors into structural panels. 
Comparing the three successful manufacturing methodologies is difficult due to their 
very different approaches to structural energy storage. Figure 10.1 attempts to 
represent the overall results in a schematic to compare the key performance indicators 
of mean electrode specific capacitance, maximum total specific energy of panel, 
maximum total energy density of panel, flexural modulus and total physical density of 
panel. This chart allows direct comparison for the three methodologies at each data 
series, which are further expanded upon in the following sections.  
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10.1. Suggestions for Future Work 
Future development of this topic could involve a number of refinements to improve 
performance, and further characterize the properties of the devices. The primary 
factor limiting performance of the sandwich panel designs is the lack of compression 
pushing the electrodes together. Supercapacitors perform best when the separation of 
the carbonaceous electrodes is minimised, in particular with power performance. In 
typical non-structural supercapacitors this is achieved through vacuum sealing and 
compressive casings, both impractical in the sandwich panel designs.  
Improvement to the compression of the corrugated core supercapacitor composite 
sandwich panels electrodes could be achieved by the addition of thicker outer current 
collectors. In this investigation all current collectors within the corrugated panel were 
thin aluminium carbide foils, which offer little resistance to deformation in the x y 
plane. Using thicker outer current collectors, such as the 300µm thick aluminium foil 
used as current collectors in Chapter 6, would provide a higher resistance to 
deformation at the outer edges of the panel. Applying pressure to these outer current 
collectors while curing the face GFRP panel – current collector adhesives would 
compress the internal electrodes improving power performance. The thicker outer 
current collectors would then resist expansion/relaxation of the internal compression 
better than the thin aluminium carbide used in this investigation. 
A further method of improving the energy storage capability of both sandwich panel 
designs developed in this investigation would be to combine them with the embedded 
flat FRP design. In Chapters 6 and 7, the top and bottom outer face skins of the 
sandwich panels were simple GFRP panels. Replacing this with the supercapacitor 
embedded flat GFRP panels developed in Chapter 8 would result in a marginal 
increase in energy storage capacity. This would take a 0.5 m x 0.5 m supercapacitor 
honeycomb core panel from 9.7 W and 0.15 Wh power and energy storage to 12.7 W 
and 0.16 Wh respectively. A corrugated supercapacitor core panel would see its 
power and energy storage rise from 1217 W and 20.18 Wh to 1220 W and 20.19 Wh. 
Future characterisation of the supercapacitor sandwich composite panels would 
involve testing in medium power applications such as radio receivers/broadcasters or 
low power laptop/notebooks as a power supply, and comparing performance to 
typical electrochemical batteries. Further characterisation could be undertaken into 
the impact performance of the sandwich panels, both in inert (switched off) and active 
(charging/discharging) states to assess the robustness of the designs. 
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Appendix 
10.2. Glossary of Abbreviations and Nomenclature 
AC Activated carbon  
ACF Activated carbon fabric  
Al4C3  Aluminium carbide  
AN  Acetonitrile  
BET  Branauer Emmet Teller  
BJH  Barret Joyner Halenda  
C  Capacitance  
CB  Carbon black  
CNT  Carbon nanotube  
CV  Cyclic voltammetry  
CVD  Chemical vapour deposition  
DI  De-ionised  
DMF  Dimethylformamide  
EC  Ethylene carbonate  
EDL  Electric double layer  
EDLC  Electric double layer capacitor  
EIS  Electrochemical impedance spectroscopy  
EMIBF4  1-ethyl-3-methylimidazolium tetrafluoroborate  
EMITFSI  1-ethyl-3-methylimidazolium bis(trifluoromethane-sulfonyl)imide  
ESR  Equivalent series resistance  
EtOH  Ethanol  
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GCD  Galvanostatic charge discharge  
GF/F  Glass fibre microfibre  
GO  Graphene oxide  
H2SO4  Sulphuric acid  
HCl  Hydrogen chloride  
HCP  Hexagonal close packed  
IL  Ionic liquid  
KOH  Potassium hydroxide  
LDPE  Low density polyethylene  
LiBF4  Lithium tetrafluoroborate  
LiCl  Lithium chloride  
LiSO4  Lithium sulfate  
LiTFSI  Lithium bis(trifluoromethane sulfonyl)imide)  
MWCNT  Multi walled carbon nanotube  
NMP  N-Methyl-2-pyrrolidone  
PAN  Polyacrylonitrile  
PANI  Polyaniline  
PC  Propylene carbonate  
PEDOT:PSS  Poly(3,4Oethylenedioxythiophene) Polystyrene sulfonate  PEG  
Polyethylene glycol  
PEO  Polyethylene oxide  
PP  Polypropylene  
PTFE  Polytetrafluoroethylene  
PVA  Polyvinyl alcohol  
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PVDF  Polyvinylidene fluoride  
RuO2  Ruthenium oxide  
SBPBF4  Spirobipyrrolidinium tetrafluoroborate  SBR  Styrene butadiene  
SEM  Scanning electron microscopy  
SiC  Silicon carbide  
SiO2  Silicon dioxide  
STM  Scanning tunnelling microscopy  
SWNT  Single walled carbon nanotube  
TEABF4  Tetraethylammonium tetrafluoroborate   
TiO2  Titanium dioxide  
TPU  Thermoplastic polyurethane  
ZnCl2  Zinc chloride  
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10.3. Graphene Nano Platelet Micrographs 
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Figure 0.1 SEM images of all samples from Hitachi S3200 at two different magnifications. 
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